
/ AQ—A062 390 WASHINGTON UNIV SEATTL E F/S 20/5
FLUID MECHANICAL REFRACTINS GAS PRISM AND AERODYNAMICS OF E — S——ETC (U)
MAY 76 D W BOSDANOFF. W H CHRISTIANSEN AFOSR—fl—2650

UNCLASSIFIED AFOSR TR 76—1494 NL

, ,~_it 
IP1



10 2 8

_________ 
315 2 2L ~~

2 01~1 ~
______ 

E.:

~I1llh125 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-

~~~~~~~~~
FLUID MECHANICAL REFRACTING GAS PRISM

AND AERODYNAMICS OF E - BEAM SUSTAINED

~ ISCHARGE IN SUPERSONIC FLOW , BOTH APPLICABLE TO LASER TECHNOLO GY~ \

~~~~~~~~~~~~~~ I

n~
p_p, C

/ .— 4 
,,

~4 Interim Scientific Report
~~~~~

1 Janu~~~~~?~ - 31 Dece~~er i977... . 1,’ ’
~1

0.... \ D. W . Bogdanoff
\~~~. W. H./Christiansen

C•_•• / .
4 1’~

. i
~ /

w
-~~— ~ 

J r . , ;

Aerospace & Energetics Research Program

Universit y of Wash ington

Seattle, Washington

.
~ ,, , 

• .:.~~ 

1
~~ C ro1e~~,

May, 1978

AIR 
~~~~~

‘~L) T I C~ OF 
~ j ’ . ~~~ 

-~~ ‘TTr i i ’  R~~~ ARCH ( A~Thi3  
~~~~~~~~~

~pprov~~ . I
Dj 3t r l t  - 

~~~~ 
- .,~~ 

. . :  . ~~~~~~~~~~~~~ 13
A. D. ~~~~~~~~~~~ 

., 
~

““  
~~~~~~~~~~~~~ (7b)

Teohnj 0~~ 
~~~~~~~~~~~~~~~~~~ ‘~~~~~ ~-~~~~ 1Oer

-~~~~~~~~~~~~ 78 12 0 4 .0 4 0
_  ~~~~~~~~~~~~~~~~~~ . .

~~~~~~~~~~~~~~ . .



— . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—~z.—

INDE X
Page

Index i

Nomenclature iv

List of Figures vi

1. Introduction 1

2. Experimental Techniques 3

2.1 Description of Experimenta l Technique for Transmission
Measurements 3

2.2 Descri ption of Experimenta l Techniques for the Measurement
of the Shape and Size of the Light Well and the Angular
Divergence of the Beam Leaving the Venus Machine 7

3. Theoretical Discussion of the Light Well 9

3.1 Light Well Shapes 9

3.2 Maximum Angula r Tolerance of the Light Well 12

3.3 Partial Trapping 13

3.4 Influence of Random Density Perturbations on Light Wel l
Performance 14

4. Comparison of Theoretical and Experimental Data 16

4.1 Determination of Extent of Light Well and Divergence Angle of
Output Beam from Photographic Data 16

4.1.1 Light Wells 16

4.1.2 Divergence Angles 17

4.2 Presentation of Data 18

4.2.1 1974 Photographic Data 18

4.2.2 1977 Photographic and Transmission Data 19

4.3 Discussion of Data 19

4.3.1 Fall-o ff of Transmission Values with Decreasing ~~~~ 
. . 19

(
~~ 4 ’  O~~ ‘1

.

~

. 
_ _ _



— 1.1. —

Page

4.3.2 Discussion of Some Differences Between Experimentally
Determined and Theoretically Predicted Light Well
Limits and Maximum Angular Tolerances 26

4.3.3 Estimation of the True Maximum Angular Tolerance of
the Light Well Based on the Tail Calculation 30

4.3.4 Tendency of High Transmission Conditions to be Assoc i-
ated with 

~r 
and less than 

~TE 
and 31

4.3.5 Detailed Discussion of the Data from Two Series of
Test Runs on the Venus Machine 32

4.3.5.1 Some Discussion of Transmission Data with
Reference to Light Well Photographs 32

4.3.5.2 Estimated True Light Well Contour Plots 34

4.3.5.3 Discussion of the Operating Conditions of
the Data of Figs. 13 and 20b (x. = .20 mm ,

~oo”~s 
95) 35

4.3.5.4 Discussion of the Operating Conditions of
the Data of Figs. 12 and 2Oa (x. - .16 mm,

95) 39

4.3.6 Photographically Indicated Extension of the Light Beyond
the Downstream Limi ts of the Light Well 44

4.3.7 Scatteri ng of Light in the Venus Machine 44

4.3.8 Comparison of Data for p 0/p = 68 with that for
O O S  

45

4.4 Transmission Data 46

4.4.1 Data at High Transmission Conditions; Accuracy and
Reproducibility 47

5. Additiona l Remarks 49

6. Recomendations for Future Low Power Research on the 900 Venus Machine.5 0

7. High Power Experiments on the 900 Venus Machine 53

8. The Electrical Discharge 55

8.1 Aerod ynamics of E-beam Sustained Discharges in Supersonic Flow - . 55

_ _ _ _



— vv-z_ —

Page

8.2 The Supersonic Flow Facility and Discharge Apparatus 56

References 59

Figures 60 



— iv-

Nomenclature

M Mach number

n Refractive index of gas

Refractive index of gas at the nozzle wall

r Distance from centra l axis of the Venus Machine

I Transmission of the Venus Machine

x In genera l , distance in the r direction measured upstream from the

nozzle exit (-ye if downstream)

Xd~ 
xdh~ 

x~ See Fig. 9 and discussion of Section 4.1.1

Xd,TI xd W f l .~T, 
Xd n ~~T~ 

XU,TI X u w f l 4~T , Xu,w,~T 
See discussion of Section 4.2.1

Distance of center of input laser beam upstream from the nozzle exit

(-ye if downstream)

z (1) Axial coordinate for the Venus Machine ; the z=0 plane is the

symmetry plane of the nozzle

(2) See Fig. 9 and discussion of Section 4.1.1

Difference of quantity following

Wavelength

9 Azimuthal coord inate around the Venus Machine

p0 Stagnati on gas density for the Venus Machine

p
00 

Stagnation gas density for the Venus Machine at the start of a test

Gas dens i ty at standard conditions

Angle , in genera l

~r’~z’ ~TAIL’ ~ref 
See Fig. 10 and discussion of Section 4.1.2



Theoretical maximum angular tolerance of the light well based

tai l calculation

~TE Estimated true maximum angular tolerance of the light well based

on the tail calculation; see Section 4.3.3

Theoretical maximum angular tolerance of light well based on the

wall calculation 
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FLUID MECHANICAL REFRACTING GAS .PRISM
AND AERODYNAMICS OF E - BEAM SUSTAINED

DISCHARGE IN SUPERSONIC FLOW , BOTH APPLICABLE TO LASER TECHNOLOGY

INTRODUCTION

Small power losses associated with refraction of light in gases have

motivated us to develop and study a unique fluid mechanical device for

possible manipulation and storage of laser radiation. In the work per-

formed to date , it has been shown that a beam of li ght can be defl ected

continuously through large angles alon g a curve d path us i ng the flow from

a convergent- divergent nozzle sector whose throat lies on an arc of a

circle . The flow devices that have been built and studied , based on this

concept , have been named Venus mach ines because of the similarity to the

optical conditions predicted to exist in the atmosphere of Venus .

Nozzle sectors wi th nominally included angles of 30°, 90° , and 1800

have been studied both t. eoretical ly and experimentally. In these devices

it has been clearly demonstrated that a well -defined region exists in the

flow wherein light rays are trapped in nea r circular paths. This report

details extensive measur ements on the 90° device which was built in 1974.

Preliminary photographic measurement~’
3of the size and shape of the light

well and preliminary quantitative laser beam transmission measurements were

obtained in 1974-75. Extensive transmission data was obtained in the follow-

ing year 1 , indicating maximum transmission values of 99.5 t 0.5~. In the

same period , theoretical work in comparison with the experimental data yielded

information on (a), stabilization of the light well perpendicular to the flow

direction , and on (b) possible detrimenta l effects of turbulence on Venus ma-

chine performance .
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Several ways of im proving the Venus Machine performance were identified

from the work of 1976 and applied to the construction of a 360° machine.

New transm ission data is presented in this report. This data per-

mits detailed anal ysis of the light well and a more accurate assessment

of the optimum operating conditions of the Venus Machine. A motion-

picture photographic technique was used to obtain extensiv e data on the

size and sha pe of the light well under a variety of operating cond i tions .

The angular divergence of the laser beam leaving the Venus Machine was

also measured for the same range of operating conditions . These experi-

menta l resul ts , alon g wit h parallel theoret ical work , have al lowe d a

reasonabl y com p lete understan di ng of the operation of the present 900

device at low laser power levels. Construction of a ruby laser and the

necessary optical and detecto r systems for high-power Venus Machine trans-

mission was completed . Preliminary calibration measurements with the de-

tector system were made. The results of this year ’s effort is presented

in some de tail in the fol low i ng re port .

An el ectron-beam sustained el ectric discharge laser producing either

pulsed or con tinuou s power laser radiation from a supersonic gas flow is

a promising approach for high-power laser development. The utilit y of the

supersonic expansion as a means for achieving low gas temperatures required

for efficient laser performance is known. Several ideas ~re under active

considerat ion by the Air Force and the feasibility is unquestioned . Some

of the basic information required for improved performance of these d evices

is being carried out in small-scale experiments using facilities at the

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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University of Washington. Some considerations ind uce discharge boun-

dary l ayer interactions and medium homogeneit y . Preliminary results

of the fundamen tal mec han i sms of the i nteract i on of electrical dischar ges

of the glow type and the fluid mechanics as found in supersonic electric

di schar ge lasers are also brie fly men tioned in th is re port .

2. EXPERIMENTAL TECHNIQUES

2.1 DESCRIPTIO N OF EXPERIMENT AL TECHNI Q UE FOR TRANSMISSION MEASUREMENTS

Fi gure 1 shows the experi menta l apparatus . A 1mW He:Ne laser beam

is injected into the f low f ield by means of a SELFOC light guide .8 The

input and output windows of the Venus Machine are ant iref lect ion coated

to minimize interference proble ms. The output beam from the light guid e

is focused down to - l25;~ diameter and inj ected on the nozzle synuietry plane.

Using a 40x r:iicroscope , the beam is positioned to an accuracy of ~ 0.02 mm.

Prior to entering the nozzle , the beam is chopped at about 300 Hz and a

portion is split off to provide a reference to which the output can be

compared . There is a polarizer preced ing the beam splitter (polar izer 1).

Th is was found necessary because the laser beam is not perfectly ran-

domly polar ized . Dri f ts in the dominant po lar izat ion direction change

the reference bea m stren gth in the op tical br id ge as a result of the

chang in g effective reflectivity of the beam splitter. Insertion of

polarizer 1 eliminates this optical phenomena.

The measur ement is carried out as follows : a calibrated prism

of known transmission is aligned to reflect the input beam to the out-

put window and the silicon photodetector behind it. (Since the intense

cooling effec t produ~cd by the ex rd r di n g gas causes ambient water vapc~ 

~~ . —~~~~~—--~~~~~~~~~~~~ ~~~~~ .. ~~~~~~~~
. .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~~~~

-4-

to condense on the prism after a run , the prism is cleaned and recal-

ibrated before ever y run . The maximum var iation in the measure d p rism

transmission values is —O .3~.)

Polar izer 2 is then rotated to adjust the intensity of the refer-

ence beam at it s detector , and thus equalize the signal outputs of the

reference an d output detectors . This is detected by one channel of the

oscillosco pe, wh ich displays the difference signal between the two de-

tectors . While th is signal is zero, the two detectors are balanced and

“see” the same effective light signal. The Venus Machine is then acti-

vated with the high pressure gas , and the laser beam is deflected con-

tinuousl y by the flow . The output and reference detector signals are

again subtracted at the oscilloscope. If the gas flow transmission is

the san- i as tha t of the pr i sm , the difference signal rema i ns zero . If

the transm ission is higher than the prism value , the signal is positive

and if it is lower than this value it is. negative. To obtain high sen-

sitivity the difference si gnal i s d is played at tw i ce as large a deflec-

tion sens iti v ity on the osci l lo sco pe as the reference s ignal . The Venus

Machine was opera ted as fo l lows .

The mach i ne was al lo wed to run cont i nuously from a selecte d i nit i al

stagnation pressure (typically 900-1500 psia) down to the pressure where

the li ght well totally collapsed due to the decreasing density gradients.

Th i s latter p ressure value was typi cally 650 to 900 ps i a . Run t imes under

these conditions were 6-18 sec. Data was taken over a range of input laser

beam positions .

At this poin t, it is appropriate to discuss the discovery and reso-

lut ion of a proHem in the experimental technique. In the first part

of 1977, a detailed comparison of the 1976 transmission da ta with theory

revealed unsatisfactory agreement for the lower stagnation pressure
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portions of test runs . The disagreement was traced to the following pheno-

mena. As a test proceeds , the temperature of the gas in the supply reser-

voir and , hence , tha t of the gas flow in the Venus Machine drops due to

ex pansion . Hence , the f low produces an i ntense increasing cooling effect

on the inside surfaces of the input and output windows of the machine.

The high thenua l conductivity of the fused silica wi ndows allows the

cooling effect to be relatively rapidly felt at the outside surfaces of

the windows . Typically, about 6 seconds after the start of a run , the

outs ide surfaces reach the ambient dew point temperature and condensation

starts , spoiling all further transmission (or photographic) data . Theore-

t i cal calculat ions of th e po i nt on a run at which the w i ndow outs id e sur-

faces reach the dew po ’nt show excellent agreement wi th the experimentally

observed po int at which the transmission data starts showing behavior

very diff icult to explain from theory. The con densation pro b lem was

e liminated by building a system to maintain a f low of dry N2 over the

outside surfaces of the windows during a tes t run. Figure 2 s hows trans-

mission data from two test runs plotted in the form of beam transmission ,

1, versus 
~~~~~~~ 

(ç
~ is the gas density at standard condi tions , 0°C and

760 torr). The two runs were taken under nearl y i dent i cal operatin g

cond i t i ons , tha t is , position of the input laser beam and initial value

of p0,~p5 (~~0/p5). The dashed lin e (1976 data ) shows the artifact

of fall-off of bean transmission starting at p0/p 5 72 , wh i ch i s due

to condensat ion on the windows. The solid line shows data taken in 1977

using N2 flow over the windows . (The slight difference betwecn the two

curves for c0/~’5 > 72 is pro nably due to unavoidable small errors in set-

ting and measuring the input beam position - see section 4.4.1). The effect

_ _ _ _ _  -~~~~~~~~~~~~~~ -~~~~~ -~~~ ~~. .~~~~~~~ _ _
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of the condensa tion phenomena on data discussed in this report is

given below.

(a) 1977 data (new data presented in this report) - N2 gas flow

used , no condensation .

(b) 1976 da ta

Density Ratio below which
Initial Densi ty Rat io data is suspect due to

condens ti on

poo/
ps p p

0/ S

72.- 78

~8O 61 - 66

~69 52 - 57
..58 44 - 48

For 
~ O’~~S 

abov e the “suspect value, ” the 1976 data is good .

(c) The 1974 and 1975 data were ta Len wi th shorter runs where gas cool-

~nq of the device was insuf f ic ient  to produce condensat i on .

A Kist ler pressure gaug ew3 s connected to a charge ampli f ier and

a second oscillosco pe. Both oscilloscopes were triggered simultane-

ously just before the start of a rLn , and t i mi ng pulses ~iere applied

to the ca thodes of bo th sco pes , allo w i ng accurate correlation of pres-

sure and transmission data . Typ ical data pictures are shown in Fig. 3.

The vertical scratches on the pictures are knife marks made after the

run to facil i tate reading the data. From the pressure d~t;~, the instan-

taneous gas density in the reservoir is calculated as fui lows . For

each of the four valu c~ of initial density ratio 
~~~~ 

) used for

testing , a larg e number of runs have been made , starti ng at about the
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same reservoir pressure , but descending to a range of final pres-

sures . For each run , the initial reservoir pressure , the pressure

at the end of the test , and the pressure severa l minutes later , when

the reservoir gas has warmed up to room temperature , were taken.

This data allows one to construct, for given initial reservoir con-

ditions , a curve of pressure versus density which applies during the

test run. Using this curve and the pressure data from the oscillo-

scope picture , the dens i ty ratio (p 0/p 5) at any time in the test run

is readily calculated. For the 1976 da ta , the gas in the reservoir

wa s not allowed to expand as far , and the simple assumption of a

isentropic pressure-dens ity relation in the reservoir was found to be

sat isfactory . The greater expansion ratios used in the 1977 work

requ ired the more co~plex procedure g iven above.

Typically transniission data is shown in Fig. 2 (referred to

earlier wi th respect to condensation). Six runs of this type were

taken in 1977 , covering a range of input laser beam positions , and

initial density ratios (p 0~ /~~~). The transmission data will be dis-

cussed further later in this report.

2.2 DESCRI PTI O N O F EXP E RIMENTA L TECHNI Q UES FOR THE MEA SUREM E NT OF

THE SHAPE AN D SIZE O F THE L IGHT NELL AND THE A NGUL A R DIVERGENCE

OF THE BEAM LEAVING THE VE NUS MACH iN E.

Figure 4 shows the experimenta l apparatus . The Venus Machine

proper and the laser and coupler assembly are as in Figure 1; however ,

the photodetectors , chopper , polarizers , etc . of the latter set-up are

not used. A lens for~s an image of the light well at the exit of the

V enus ~1ach ine on a sheet of paper mounted on a glass plate . Paper was 

.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. -.~. . .
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used to avoi d the strongl y peake d forward scattering of ground glass —

this latter is objectionable especially ~ihen the angular spread cf the

beam is to be measured (see the following paragraph.) . A 16 m mot i on

picture camera using Kodak 4x negative film (ASA 4C3) was used to photo—

graph the l ight ~:ell l wo l amps very close to the plane of the paper

were used to give a scale factor for the motion picture frames. The

pressure in the reservoir is recorded during motion picture test runs

just as it was during tr cnsmis sion test runs (see Section 2.2.) The

timing pulse applied to the ca~
} .ade of the pressure gauge osc i l loscope

is also applied ti a th’rd lamp near the ima gi ng paper to a ll ow syn-

c hronization of p r ess n rt  and m t  ion picture data .

This ex per im~nt~ l set -up a l l ows  one to measure the s ize and shape

of the light wel l at t outHt i rdo~, of the Venus Machine. To measure

the divergence a nni e of the ~-c~ rn at the output wi noow of the Venus Mach-

ine, the imaging lens is si ; Hy rc~ oved . Other~,’i se , the experi mental

set—up is essen t i a l l y  as sh~~.: in Fi g. 4. Typica l l ight-wel l shape and

Output beam d ive rccnce ang le da ta (s i nn ie fr a mes from the motion pic-

ture film) are sh:a n in Fig. 5. The two series of data were taken at

near ly, but not quite , ident ica l  operati ng condit ions .

For both the 1i~ ht tteJ l share and beam divergence angle beam , tests

were taken at three sets of o per a t ing  condit ions ,invo lv ing two values of

and two values of xj 1.~.

A word should be said at this point about the early li ght well

shape photc~raph~ taken in 1974. The set up used for these tests was

basically very ~inilar to that of Fig. 4 wi th the fol lowing differences.

(a) Short rnn ,,aLcat I sec 1o’~ , were used ; there was

no corJu~ atio n ~~ N2 ‘;inJc: bleed flow was neither

used nor needed .

~

-

~

--.- - .~~~~~ - .  .
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(b) A still camera was used; only one data picture

was taken per run.

Cc) Pressure data was obtained by simply reading the

pressure in the reservoir before and after the

test runs; the average value was taken as the stag-

nation pressure for the run.

(d) At the input window of the Venus Machine , the light

wel l was flooded with light; this contrasts wi th the

1977 experiments , where the input beam size is sub-

stantially sm aller than the size of the light well ,

allowing the beam to be used to probe the structure

of the light wel l .

3. THEORETIC-’L DISCUSS~CN OF T HE

3.1 LIGHTW [LL SHA PES

It is readily shown 47 tha t for a stable light wel l to exist there

must be a local maxi mum of or in the f low pattern of the Venus Machine

(n = refract ive index of gas , r = distance from axis of mach ine; stan-

dard cylindrical co-ordinates , r, C and z, are used in this discussion .)

The shape and size of the light well can be predicted from theory for

various nozzle shapes and operating conditions by calculating nr values

over the region of interest in the f low field and plotting contours of

constant nr. Frederick 5 has computed the f low field for an inviscid

H = 1 jet c~ischar 9ing int o a region of low pressure. The geometry for

Frederick’s calculation is shown in Fi g. ~a. Light . well shapes fcr the
900 Venus Machine have been estimated by using Frederick’ s calculations
downstream of the nozzle exit and a simpl e one~dim ensio nal analysi s
upstream of the nozzle exit. The two methods are spliced together at
the nozzle exit. The true geometry of the 90° Venus Machine is s hown

In Fig. 6b. The difference between the theoretical model used for
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the li ght well and the real machine geometry probably accounts for

some of the differences between the calculated and observed light well

shapes and beam divergence angles (see Section 4): It was not , however ,

judged worthwhile to perform the necessary (substantially more complex )

calculations to att~npt to obtain better agreement between theory and

experiment , expeciall y since future higher performance Venus tlachines

will likely not produce the type of light well of the present device.

Fig . 7 shows calculated light wel l shapes and the variation of nr

with r along the nozzle centerline. The dashed curve in Fig. 7b gives H

the variation with r of nr at the nozzle wall s (denoted by n
~
r). The

ordinate in Fib. 7b has been inverted so stability can be interpreted

in the usual way (the bottoms of vall eys are stable). In general , at any

r-coordina l in the light well , nr is greatest on the r-axis. Along the

r—axis the point of maximum stability in the light well is point B. Also

alon g the r-axis , a stability l imit of the light well is at point C.

Light at r > r
c will rap idly be lost from the well. Outside of the nozzle

exit , the light well is stabilized in the z-direction by strong density

gradients which exist in the inviscid flow pattern. Upstream from the

nozzle exit , there would be almost no stabilization of the light well

in the z-direction based on the inv iscid flow pattern. r!owever, in this

region , the therma l boundary layers at the nozzle walls act to stabilize

the li ght well in the z-direction. A second stability l imit of the

light wel l is the “bottom ” (actually the maximum) of the n
~
r curve in

Fig. 7b, point G . Th is corresponds to the physica l points H and I in

Fig. 7a. Light passing through the boundary layers in the neighborhood

of points I-I and I will strike the walls (wHich are rough on an optical

scale) and will tend to be scattered outside the angular tolerance of 
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the light well. Theoretical light well shapes are obtained by simply

noting the values of nr at the limiting points (C amiJ G in Fig. 7b) and

drawing contour lines at these nr values . This procedure produces the

light wel l shapes sketched in Fig. 7a. The dashed line is the li ght

well shape based on the limiting point C (“ tail calculation ”) and the

solid line is the shape based on the limiting point G (“wall calcula-

tion”). The points A and C on the nr curve in Fi g. 7b correspond to

the tail calculation , and points G and F to the wall calculation. For

simplicity , the comparison of theoretical and experimental light well

shapes will be made largely by using the x-coordinates of points A and

C (or E and F , as necessary ) as the theoretical prediction. These num-

bers give a measure of the maxi m um extent of the light wel l in the

radial direction.

The light well shape and size are strongly dependent on the resor-

ver stagnation densit y ratio (a~/p 5 ). Fig. 7 shows , roughly sketched ,

wells for = 80. For highe r values of 
~0/p

~
, the light wel l is

dee per , an d conversely, for sufficiently low values of p0/p 5, the 1o~al

nax i~..u a of the nr curve of Fig. 7b disappears and the light well vanishes

entirely.

For long test runs of the Venus Machine , wi th a substantial drop

in the reservoir (stagnation) temperature , there are two limiting ways

to calculate the n
~
r curve of Fig. 7b, and hence , the “wall calculation ”

light s;ell limits. For one calculat ion , the walls are assumed to remain

at roam te mperat ure as the run proceeds. This would be the case if

the walls had infinite thermal cor~uctivi ty and capac ity . These
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results of these ca lculations wi l l  be referred to as “wal l calcu la t ions ,

no AT” or “w ,n,~ T” results . In the other limiting calculation , the walls

are assumed to fol low the adiabatic wall  temperature of the gas as the

latter decreases . This would occur if the wa l ls  had negligible therma l

conductivity . These results of these calculations will be referred to as

“wall calculat ion , wit h~~T” or “w ,AT” results . Heat transfer calculations

indicate that , after 10 seconds running of the rea l Venus Machine , the wal l

temperature w i l l  be , very roughly, half-way between the two simple theoreti-

cal results d iscusse d above . Th i s number i s only a crude estimate , however ,

as the correct hea t transfer calculations for the wall temperature are ex-

tremely compli ca ted , an d it was not judged profitable to pursue them at

this time . For comparison w i th  exper iment , both w ,AT and w ,nAT resu lts wil l

therefore be given.

3.2 MAXIMUM ANGULAR TOLERA NCE OF THE LIGHTW ELL

An important character ist ic  of the light well is the maximum tolerable

angular deviat i on of a ray path fro m the € ,—di rect ion.  For a ray travel l ing

at the most stable location in the light wel l, corresponding to point B

in Fig. 7b , the maximum tolerable angular deviat ion , ~~, (in radians) is

given to a goo d appr oximat i on by

( (nr) B - (nr)
~ ~~ 

1/ 2

(nr a ) 5 (1)

or

( (nr)B 
- (nW r) G ~ 

1/ 2
~ = < 2  — k (2)

(nW r) G )



according as the limiting point of the light well is taken as point C

or point G in Fi g. 7b. Corresponding to the “wall calculation ,

no AT” and “wall calculation , with A T” results for the light wel l

shape, there are two values for ~~, based on the wall calculation (i .e.,

using point G as the limiting point). Those two values of ~ will be

referred to as

‘t’wall calculation , no A T or 
~, flA T,

and

4’wall calculation , with ~T 
or 

~w, AT.

As in the case of the “wall calculat ion ” of the light well sha pe ,

the estimated value of for the real Venus Machine lies between

~~ AT 
and 

~w n  AT’ 
and correct values would be extremely diff icult to

calculate . Both values of will, therefore , be plotted in comparison

with experimental results.

3.3 PARTIAL TRAPPI NG

“Light well” shapes taken from reference 6 for p
0
/p

5 
= 57 are

shown in Fi g. 8. These “light wells ” were calculated by a technique

which differs from that presented in this report. A large number of

light rays arranged in an array and travell ing in the 9 direction were

assumed to be injected irto the nozzle exit region of the Venus Machine.

The path of ear-.li light ray, that is , its movement in the r and z direc-

tions as it moves around the Venus Machine, was computed using the

known density field of the fb i. Many li ght rays were shown to be

lost from the light we l l - - i .e. ,  the c3lc u lat ions indicated a rapid

1’

_ _  -—- - •~~~~~~~~~~ .- . -~~~~~~ .



r
and i r revers ib le  increase in r or in ~~ for the ray . The “light wel ls ”

shown in Fig . 8 are the boundaries of the regions at the optical exi t

of the Venus Machine m ithin wh i c h the ou tgo i ng rays are locate d. It

is to be noted that this type of calculation must be done for a speci-

f ic machine (in the cases shown , 1800 and 300), and is dependent on

the deflection an gle. T’.-.’o other points should be noted here. First ,

for a la rge enough def l ect i on a ng le , perhaps several complete revolu-

tions , the “light ~-~el 1s ” calculated by this method should approach

those ca lcu latcd by the nr - contour method , s ince almost all rays

whi c h were ev e - going to be lost would have been lost. Second , the

nozz le sha pe use d for these ca lcu la ti ons has parallel instead of con-

verg ing i’~il, an~ t as , the “lirht w ells ” shown in Fig. 8 cannot be

compared in cc :  ‘lete detail with those calculated for the 900 Venus

Machine .

The po int illus tr ~.t~ d by a co mparison of the “ l ight we l ls ’ shown

in Fig. 8 for 30° and 180° Venus Machines is tha t the enve lope of the

outgoing rays in a V e nu s Machine is larger for smaller def lect ion

angles (all other fac tors  remaining constant) .  In part icular , the

envelo pe shows an extension in the r-d~rection nea r the z = 0 axis

for the smaller def le ction angle.

Rays which are t r a pped in a light we ll for signif icant def lect ion

angles (e.g., 300), but m hich would escape for some larger deflection

angle , are considered to be “par t ia l ly  trapped. ”

3.4 INFL UENCE OF RAN~~M C N SJTY PERT U~EA T IO NS 01  LIGHT WELL PERFO P~MAN CE

Discussion of the li ght ~ell up to this point has i gnored the in—

fluence of randcm dunsi ty perturbations. [The discuss ion of the (tur-

bulent) bou nda ry layer involved only the mean refractive i ndex differ- 
‘

I

ence across the layer.]  Three ma in classes of perturbations will be
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considere d:

1) density perturbations in the free stream flow in the light

well region which are caused by residual temperature and

pressure perturbations carri ed downstream fon’i turbulence

produc ir.g regions such as the supply p ipe boundary layers

and two 900 bends in the supply pipe. (The pressure per-

turbations are those associated with the turbulence velo-

citi es.) Of the two types of perturbations , those of tem-

perature produce the most serious effect on light well per-

fore nce.

2) density perturbatio ns in the free stream flow in the light

wel l region caused by acoustic noise radiation from the boun-

dary layer.

3) density perturbations in the boundary layer in the light well

reg ion due to pressure and temper ature perturbations . These

densit y pcr turba t~ons affect the perfor i-ance of the light well

directly since they affect light rays which have approached

the wall and have been reflected back into the light wel l by

the boundary layer.

An earlier section has introduced the concept of the maximum angu-

lar tolerance of the li ght ~;ell . The effect of any densit y perturba-

tions ~;i ll be to introduce random angular deviations along any ray

transv ersing the Venus Machine. Some light rays , which would be trap-

ped in the light wel l for the (hypothetical) case of flow without per-

turbat ions , will be lost from the wall due to random angular deviations

in real fin .,’ . The rays most likely to be lost would be those injected

nearest the li m i ts of the light well. The random angular dev iation would /
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be expected to increase w i th  increasing density perturbation amp litude

(other things remaining constant) ,  and can be estimated for certain

cases.

4. COMPARISO N OF THEORETI CAL AND EXPERIMENTA L DATA

4.1 Determinat i on of Ex tent of Light Wel l  and Divergence Angle of Output

Laser Beam from Photographic Data .

4.1.1 LIGHT MELLS

Fig. 9 shows sketches made from typical fra mes of the light well

motion picture data (see Sect ion 2 .2 ) .  Referring f i rst  t L Figure 9(a),

the measur e :nents of l ight wa l l extend mere made as fo l l ow s . The scale

facto r was de te rmined from the fac t that , a t higher values of

the light well filled the space bet - con the nozzle m alls , and thus z

on the fi lm corres po nds to known dis tance b e t een the wa l l s , .~ Ol cmi .

The location of the nozzle exit is establ ishe d since , at hig her ~~~~
values , the Prandt l -Meyer fan ori g inat ing at the nozz le edge is known

to fo rm a co rner on the li ght-well (points A and B , Fig. 9a). With

these reference poi nts ext ab lished , three measures were taken of the radial

extent of the light well:

x,~ — the extent of the wel l  upstream f rc m the nozzle ex i t

xd 
- the total ex tent of the w el l  do~.nstream from the nozz le

exit , and

~~ — the extent of the light wel l  do , ;ns tr eam from the nozzle

ex it , cons idori ng only regions of heavy ex posure on the

fi lm.
/ 

----~~~~~~ . -.- -.~~~~~~~~~ . --- -- • - _ _ _
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X dh is , to some degree arbitrary , but does a l low one to distinguish be-

tween fa i nt “ tails ” of the light well and portions of the wel l  contain ing

substantial amounts of li ght. All x-values are taken to be negative if

they extend downst ream from the nozzle exit , and pos itive for the con-

verse . For motion picture f ra ; ’es taken at lower values (e.g.  Fig 9b)

for which the li ght wel l  is no longer attache d to the corner of the nozzle

exit , the nozzle exit locat ion can still be obtained by carry ing over the

locat ion esta b l ishe d at hi g her :
~~~

/:
~~ 

values using the reference marks

which are on a gra ticle placed at the imaging pl ane (see Fig. 4) .

The above descr i pti on of data han d li ng appl i es to the 1g77 data .

The older (19 7 E+ ) data , taken w i th  a sti l l camera , coul d be hand le d by

very similar techniques , except that no reference mark is available.

Hence , for da ta at lo .~er L values , which are detached from the nozzle
‘ 0 5

ex i t , the ex tent of the light well upst~-e c’~ and downstream from the nozzle

exit cannot be determined. Onl y the t .tal ext ant of the wel l  can be

measured ( i .e .  X tota l x u I - in Fig. 9b ).

4.1.2 DIVEFGEN CE ANGLES

Fig. 10 shows sketches made from single fra:,es of the dive i-c cnce

angle motion pictures. Fig. lOa shows a sketch for a condit ion a~ere

most of the light is contained ‘,‘i ithin the light ne ll and the transm ission

is high. Fig. 105 she ’s a s k e t ch  for a condi t ion ~‘.h~re the light is

escaping ou t the tail of the li g~: t nell and the transmission decreases

rapi dly with decreasing . The angular scale of the light spot in

these frames is e sca b l ish ed b ,’ th e Th ac es of tao l amps known to subtend an

angle of ..~ 5 degrees. The location of the eat ira a~ cJ c ”t ’~r of the ex ;osed

spot (rr ’lati ve to the lamp lr-a r:e lcc~ tmons ) ry’ains fixed t a  wi t h i n 0.5

degrees in both d i rect ions.  The est i mated Cente r  c f the exposed spot is

~

--

~

.- ----

~
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indicated by the cross in Fig. 10. The shape of the exposed spot

does vary , depending on conditions , but most of the comparison of thi s

report will he based on the overall extent of the spot in the r and

z directions and on the extent of the tail. Thec~ three measures of

spot exten t are illustrated in Fig. 10 and are listed below .

Extent of spot in radial direction -

Extent of spot in z di rect ion —

Extent of tail of spot —

4.2 PREsE NTA T :ON OF DATA

4.2.1 197-1 F’hot grc phic Data

Fig. 11 shows a comn arision of the theoretical calculations and

exper inent : l ineasurca~ents for the radial (x) extent of the ’li ght well.

The experi~’ental curves , X u~ 
Xd and Xdh are obtained as described in sec-

tion 4.1 .1. The x-p os iti un of the center of the light wel l for 42 ~

~ 50 is uncer ta i n b ccau se of the lack of a photgra ph ic reference

point (see sec tion 4.1.1) . This data is shown dotted . The theoretical

calculations ‘-‘ ore made as described in section 3.1; the notation system

is given below:

TABLE I

Type of Calculation Upstream Downstream
(see Sec tio n 3.1) Light Wel l Limit Light Well Lim it

tail calculation X U T  Xd T
wall calculation , no .~T x u ,w ,n \T X

~~wn .T
wall calcula tion , w ith .. T x ~ ,. x ,
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The test runs for the photo graphic data lasted only about — 1 sec ,

and , hence , the change of the gas reservoir stagnation temperature

dur ing these runs was quite sm all (see section 2.1). The six data

points in Fig . 11 with bars were obtained from transmission measurements

and wi l l be d iscussed further in sect ion 4.3.1.

4.2.2 1977 Photogr aphic and Transmission Data

Fi gs. 12 and 13 show light nell radial extent , ou tput beam d i ver-

gence an g le and trans mi ss i on data for two operat ing con d i t ions:

95.~~, x . - .16 n~n (Fi g . 12) and 95.4 , X in .20 mm

(Fig . 13). Ee ch figure present data from three different test runs taken

at almost identical operating conditions. The data of Figs. 12(a) and

13(a) are p resent rd in the sam e forai as tha t of Fig. 11 (see Section 4.2.1).

Figs. 12(b) and 13(b) show experi m ental beam divergence angle data

plot ted as a fin e tic n of 
~~ 

obt ain ed by the techniau es described

in Sec tions 2.2 aid -“ .1.2. These two figures also show theoretical

curves for the m ax imu m a’~~ul ar toleran ce of the light well  ca lcu lated

according to the ~tL ci s if  sections 3.1 and 3.2. Figs. 12(c) and 13(c)

sho~’i the corr~ c~- cndin 2 1077 tr~n am is sio n data . Fig. 14 shows 1977 trans-

mission data for four test runs with /p 95 and wi th di fferent
00 5

values of X . .

4.3 DISCUSSIO N OF DAT!.

4.3.1 Fall—Of f of Transmission Values with Decreasing p
0/ .~5 .

The irregular typo of fall-off of ma chine transmission with decreasing

n~/c ’~ reported in the 1976 an nual report proved to be an a r t i fac t  produced

by water on-i~ HS 3t iO fl as the Venus ~‘~chine input and output w indows (see

L . ,‘—~~-—,~~-—
..-- - — —- -,- —- - . _ _

~ 

- .- ... . . . . - - -



, - . -- . - .- - .  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -~~~~~~~~ - - - .

-20-

relevan t discussion in Section 2.1). With this probl em eliminated , trans-

mission data shows a smooth fall-off of transm ission (Fig. 14).

A compar ision wi l l now be made ni--aug the upstream limits of the

light wel l determined from 1977 (and some 1976) transmission data , the

1974 photo graphic data , and the theoretical predictions. Curves for the

latter tt’~’o are shown in Fig. 11 . The six data points with bars in Fig. 11

were determined from transm ission data as follo w s. The ordinate of

each point is the va lue at w hich the trcnm.iss ion dropped to 0.5.

The absc issa is the value of ~~ for the tes t run. The four points with

the lowest values of x were ta ken froni the trans m ission data of Fig. 14.

The two data points at hi gher x values were obt a ii ,cd from 1976 transmission

data where a ra pid fall-off of transmi ssion te i  th decreasin g . 
~~~~ ~~~~~~~ 

ob-

served at values above t Hca  at ~,mic) i cc.n~~:r:.at ion occurs. These

old data runs conta in  errors of the order of 3-~ in the trans ul ission

values which do not , hc ..ever , prev ent good cst P . tion of the

value a t which T = 0.5. The slopes of thc hors ~rou~’h the six data

points repr esen t es ti mat es of the local slo pes o i the l ight wel l limit

curve in the ~~/p 5 
— x plane , obtained fee- the tra nsei ssi on data as

fol lows . The general form of the nr-r prof i le along the centerl ine of

the light wel l  as show n previously in Fi g. 7 is reproduced in h g .  15 (a) .

the l imit ing point of the light wel l  is point J. The x -coordin ate of the

center of the input laser beam for the run in question ~s X in and the

est imated dia~ eter of tre input bee is d.

The posi t ion and s ize  of the input laser be e n is represented by

bar 2 in Fig. 15 (a ) .  If nr(J) = nr(x~0 ) , as sh e -n  in Fi g . 15 (a) ,  the

fo llo,iir~ si m p l i f i ed  arg um ent can be made. Half  of the light inj ected

to would be exp ected to be lost from the we l l  by passing over point 3 , 

-
~~~~~~~~~

-- - -
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whi le the remaining light wou ld be trapped in the wel l .

Based on this argument , the t ran s rn issl nn is 0.5. for the f inite

sized input beam. This argument is the basis for taking T = 0.5 data

points from transm ission data as measures of the location of the light

wel l limits in the - X in plane . If the input laser beam were to

be moved d/2 to the right in Fig. 15 (a) ,  the expect d transmission value

would be 1.0 based on the s impl i f ied argument , or perhaps -0.9 , roughly

a l lowing for the fact tha t the beam is not cut off sharply at the esti-

mated beam diameter. Similarly if the beam were to be moved d/2 to the

left , the transm ission would be expected to be 0 (sharply defined beam)

or -0.1 (more realistic beam profile). Thus , the T = 0. 5. point in

this test run , comb ined with the beam size estimate , defines , roughly,

three points i n a p lot of T vs r0/r5 a r J ~~~ for an input laser beam

with diameter d. These three points are points f~,B ,ard C in Fig. 15(b),

with truns’ -isions of 0.5, 0.1 and 0.9, resn octively. The run data

defines directly t o  other points with T = 0 .9  and 0 .1 , points B and E.

Thus , loca l l y, contours of constant T can he draw n in the r~/c 5 
- x in

plane for T = 0.1 and T = 0.9 (the l ines throug h points B and E and D

and C, res pec t i ve l y ). The l ine for T = 0.5 is taken to be paral le l  to

the I = 0.1 and T = 0.9 l ines . Extending an earlier argument that the

I = 0.5 point in the test run represents a point on the li ght w ell limit

curve in the r~/r~ 
- x in plane , the T = 0.5 lines are taken as local

estimates of the position of the light well limit line in the neighbor-

hood of the six da ta points in Fig. 11 . These estimates are the bars on

the data poi nts in Fig. 11 . The extent of the bars in the x-direction

corresponds to the d ia”ete r  of the input laser beam.

The agree -ent shc’., n in Fig. 11 between the upstream light wells

limits dete rmined from photographic and transmission data is regarded
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by the investigators as satisfactory , thoug h not exact. It should be

noted tha t the photographic data i nvolved short runs with little drop

in the reservoir temperature , while the transmission data involved long

runs with substant idl  reservoir temperature drop. Some of the differences

between the o hotogra phic and t ra nsmiss ion l ight wel l limits shot-rn in

Fig. 11 is likel y traceable to the fact  that the ~~ for the transniis-

sion data is measured at the input window while x 1~ for the photo o ra phic

data is measured at the cut out wind o.- . The input and output t-iindows

of the Venus ~achi ne do not exact l y correspond to each other , due to

manufacturing and mounting errors .

In F i g . 11 , the ups treec. v eil limits indicated in Fig. 11 by both

the phot~cm-nphi c and the transnii ssion da ta , hut expoc ia l ly the latter ,

show a marked simi lar i ty  to the X u,T t h’~~ Lt ic n 1 curve; the l a tt er curve

if shi f ted 0.20 rca to the right would match the e~~oriia utal data quite

well. This point wil l be returned to in s~wt  ion -~.3.2.

Jt is no ted f rc~a Fi g. 11 that the upstr eam well limits deter m ined

from both photographic and tra nSH ssi on date appear to she. little

respect for the theoretical wel l curves based on the wa ll calculations

(see Section 3.1). The reason for this is believed to he fairl y well

underst ecd and is presented below. It is convenient in the discussion

to consider the transmission data run which yielded the light we ll

limit point at x = .67 nn , 
~~~~~~~ 

= 86 in Fig. 11 . For this run , the

t ran s miss ion  was -0.95 at 
~~ /p~ 

= 95. Fig . 16 (similar to Fi g. 7) shows

light wel l shapes and nr-r curves for the case in point. The l ight is

injecte d cen tered on po i nt ~-1 (Fi g. l6a ) and imm ediately begins to oscil-

late stro ngly in the r direction in the light well. The path of these

osci l la t ions can be represented on the nr -r curve as taking place

- ~~~~~~~ - - -
~~~~~~~~~~

--

~~~~~~~~~~~
-- 

~~~~~~~~~~~~~ -~~~~~~-~~~~~~~~~~~~~ . . . ~~~~~~~~~~~~~
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(Fig. 16b) between points K and L. The light rays wi ll travel at a maximum

angle to the azi muthal direction (near point B on the nr-r curve) of 5.4 de-

grees. The maximum angular tolerance of the light well , implicitly based on

oscillations in the r—direction ~tai 1 calculation , Section 3.2) is 7.3 degrees.

The max imum angu lar tolerance of the wel l , implicitly based on oscillations in

the z—direct ion (wal l  calculat ion , Sect ion 3. 2) is 3.9 degrees. For the ques-

tion a t hand , an important point is how rapidly the initial strong oscilla tions

of the light ray in the r-direction are translated into osc i l la t ions in the

z—direction. Fig. 17 shows a more realistic path for a light ray , injec ted at

po int a , i l lustrat ing crudely how z-osci l la t ions may be generated from initial

ray motion ‘ - h i ch  is pri m arily in the r-dir ec tion. Motion of the light ray in

the z—d irect ion (neg lecting density perturbation effects) is gene rated mainl y

by “refl ection s~’ of the rays trom the ren ions of the li qi t  well downstream of

the nozzle exit , which conta in strong nr qra~ ients in the r and z d i rect ions .

Iwo possibilities would appear to exist which would explain the T = 0.95

value obtaine d for the = ~~ X .  .67 mm test run, for which the lir ht

rays are oscillating at angles up to 5.4 degrees in the r direction and the

maxinu -n arg ular  tolerance of the light we ll is 3.9 degrees based on the wall

calculation (implied z-oscillations). The first possibility is that strong

z-oscillatiors of the light ray are quickly generated from the initial

r—osci l la t ions as the ray traverses the Venus Machine . The number of bounces

w hich the light ray makes while traversing the Venus Ma chine is readi lj

estimated to be abou t 10 in the r—direction and 20 or less in the z-di rccti on.

A number of the bounces in the z-direct -ion will take place at incident angles greater

L ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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than the angul ar tolera nce of the well based on the well calculation.

Hence , light rays wi ll str ike the t- ;al ls on the order of 10 times at

incidence angles readily ca lculated to be up to -3 degrees. The high

transmiss ion of the Venus Ma chine under these conditions could only be

explaine d if the refl ectivity of the aluminum walls was very high -—

of the order of .995 at incidence angles of 1 to 3 degrees. For a

perfect alu m inum surface , the re f lec t iv i ty  is - .990 for the relevant

incidence angles.  The Venus Machine nozzle wa ll surfaces were simply

turned on a lathe. They cannot readily be tested for reflec ti vity .

However , repre~-enta tive m achined surfaces were tested wi th the fol low ing

results.

Ref lec t i v i t y  of machined a luminum surfaces at

incidenc e ang les of 1.2 degrees (~ 6328 A).

Finely m i l l e d  sur face — -‘ .82

Buffed Sur face - - .92

Based on the above refl ectiv i ties • it i s conclu ded th a t the

hi gh t rans m ission of the Venus Machine under the condit ions in question

cannot he based on re;m~ tc-d reflections of the li ght off the nozz le

walls. Hence , under these cecra ting conditions , the li ght , for

the largest part , nust not strike the nozzle walls. Hence , the oscilla-

tions in the z -d i r ec t icns must be restr ic ted to angles s igni f icant ly less

than those which are knc...n to occur in the r— direct ion.

From the ori~~ nal ser ies of tests of bean divergence angle , there

is no data w hich directly confir m s this conclusion . It is also not

feasible to int ec rupt the present program of high-power t ransmission

measur c -~ c nts in the ‘.enus ;~~c r, i r e - to take the relevant tes ts .  However ,

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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it may be possible in June , 1978 or thereabouts to perform the tests.

The tests t-iould be very simp le , i.e. a divergence ang le test run for

x.  = .67 mm and ~ /~
. = 95. At the T =0.95 con d it i on C . , /~ 

= 95)in O O S  o s
if the divergence ang les were measured to be ‘~5.4 degrees in the r-dir-

ection , but less than 3.9 degrees in the z-direction , the conclusion

reached in the previous paragraph would be confirmed. Contrarily, if

the diver gence angles were observed to be substantially greater than

-3.9 degrees in the z-direction , the conclusion would be contradicted

and another exp lanation must be sought.

The conclusion of restricted z-osci lla tions tends to be confirmed

by available diver gence angle data which shows that for a number of

operatin g conditio ns , the divergence angle of the beam leaving the

Venus Machine is su bs tant i ally smaller in the z-d i r ect ion than in the

r-directio n . The largest difference in the divergence ang les is noted

in the data of Fig. l3b , for 90 - 95 , wh cre 
~r 

is 3.0 — 3 . 2

deqrc’cs while is 1.9 degrees .

The conc lusions of the present discussion , wh i ch are be l ieved  to

be fair l y wel l  (though not co mpletely) establ ished are restated below .

First , the hig h transmission conditions obtained at p / ~~~
= 90 — 95 for

the test run w h ich  y ie lded the ,. /
~ 

= 86 , x j n = .67 mm point in Fig. 11

occur , dc-spite estimated r-osci llat ion angles of 5.4 degrees , and wa l l

ca lculat ion angular tolerance l imits of -3.9 degrees , because the strong

r-oscilla ti on s of the l ight rays generate z-oscil lations of signi-

f icarit ly smaller amplitude while traversing the Venu ; Machine. The same

phenomena is believed to account for the fact that for ~ 80 , the

upstre~ ’~ well limits determined from transm ission on photo greohic data

do not r(:’p~’(t th~ w al l  calcu la t ion light wel l limits in Fig. 11 . 
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4.3. 2 Discussion of Some Differences between Experi mentally Determined

And Theoretical ly Predicted Light Wel l  Limits and Maximu m Angular

To lerances .

A number of points from the experimental data suggest that the

light wel l  shapes and nr vs r profiles are some-hat different than

predicted by the theoret ical  work of Sect ion 3. The main theoret i cal

e lement for co m pa rison wi th the experimental resul t c is the nr versus

r curve , wh ich wi ll not-i be discussed . The portion of the curve up s t rea m

of the nocz le exit is based on a simple one—dimens iona l an alysis and

shou ld be quite accurate .  The port ion of the curve dow nstrea m from

the nozzle ex i t  was based on the expa nsion of a pa~- l l~~ 1 jet ,

not a jet issuing fro m a s le t  w i t h  t-.’all s incl i ned at 4 d - i o n  to the

flow center l ine di rect ion as is the case in r e e l i t . . The inward nomen-

turn of the jet  up stre ’a of the no:z le ex i t  w ould be exp e c t Ld to delay

the ex ; ’ n rs ion of jet d c n ~ trcme of the ex i t  to a cer t a in  degree. A l so

no atte mpt was made in the calcu lat ions to a l low for boundary layer

ef fects , wh ich might be expected to produce mo re serious disturbances

to the f low in the downstream , supersonic free jet  f low re i ions , th e n

in the upstr e a m , subsonic Lunj ed f l e w .  In genera l, the port ion of the

nr versu s r prof i le downstream for m the nozzle exi t  is regarded as much

more suspect than tha t further upst re am .  There are a lso r- ’ach in ing and

align m ent errors which nay ef fect  the nr versus r prof i les in ways dif-

ficult to dete rmin e.

The location of the most sta b le point in the light well (point B ,

Fig . 7b) can be estimated from the t r ans m ission da ta of Fig. 14 by cross-

plott ing th e la tt er in the fo rm of T versus x i ~ 
wi th P~~/~~ as a par a’--oter.

For 60 ~ . 0 / r - 5 ~95 , tb’— m axima of these curves are fairl y well defined 

.- 
~~ ‘ -~~~~~
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and agree well with the theoretical positions for the most stabl e position

in the light wel l obtained from the nr versus r curves . For < 60,

it is not possible to construct a smooth curve through data cross—plotted

from Fig . 14 whic properly locates the maxima . For ~ 60 , the most

stable point in the l ight well (and the maxima of the cross-plo tted trans-

mission data ) are upstream of the nozzle exit. The good agreement between

theory and experiment referred to above len d s su pp or t to the assump tion that

the theoretical nr versus r curves should be fairly accura te upstream of the

nozzle ex i t .

The upstream light well l imits determined from photographic data (Figs.  11 ,

l2a and 13a ) and transmission data (Fi g. 11 ) suggest a curve which , for

~ 50 , li es about 0.20mm to the r ig ht of the theoret i cal ta i l calculation curve .

(The di fference apparently increases to .25 to .30 mm for < 50.) This

sug gests that the true nr versus r curve differs from that calculated according

to the methods of Section 3 in a way which w i ll now be discusse d referr i ng to

Fig. 18. Fi g . l8a re p ro duces , slightly mod i4~ied , the nr versus r curve , for

= 80, of Fi g. 7b. The th eore tical light well limi ts , according to

the calcula tion, is based on the h~.ight of point C; line 1 drawn through

point C es tab l ishes the two l imits , point C i tse l f  and point A. The experimental

data of Figs. 11 , l2a and l3a indicate that the upstream light well limit is at

point a instead of point A. If one a ssumes that the limiting point in the light

well is not at the nozzle walls (following the ear l ier  discussion of z—osc i l l a t i ons

and r-oscil lations), it mus t lie on the nr curve of Fi g. l8a dow nstream of the nozzle

ex it; it also must lie on line 2 through po int a. The expeni :;ental data suggests

_ _ _ _ _ _  

~~~~~~ - -- -‘-- ~~ ‘~~-.~~~~~~~~~~~
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an nr - r curve which , downstream of the nozzle exit , is represented by the

dotted curve in Fig. l8a . This sort of analysis leads to simi lar rough esti-

mates for the real nr — r curves for l ower values . Examp les are shown

in Fig . l8b an d Fig. l8c for = 60 and = 50 . For the lower

values , poin t c is to the right of point C , whereas for = 80 it is to

the left.

The estimation of the form of the true nr - r curves as described in

the preceding paragraph is supported by divergence angle data from Figs . 12b

and 13 b. The data of F ig. l3 b for 57 
~~b’~s ~ 

63 and par ticularl y the data

of Fig. 12b for 47 
~ ~ 63 su gg es t a curve for the maximum angular tol-

erance of the light well wh ich lies about one degree below the theoretical

curve based on the tail calculation. (The difference increases to -1.5 degrees

for p
0/~ 5 

47.) From the limiting line (line 2) in the nr — r diagram of

Fi g. l8b (detennined from photographic and transmission data of Fig. 11) a

i~nr va lue can be determ i ned , measure d from the bottom of the light well  to

the line . Using an expression similar to Eqn. 1 ( sec t ion  3.2), a max imum

angular tolerance of the l ight wel l  can be calculated . This value can then

be com pare d w ith t he o bserve d an gular ext en t of th e beam leavin g the Venus

Mach ine (the data of Figs. l2b and 13b). This comparison was performed

for 
~~~~~~~~~~~ 

= 60 (Fig. 18b) and other values between 47 and 63. For

55 ~ ~ 63 , the agreement was excel lent , supporting the procedures

for es t imat ing  the true or — r curve descr ibed ear l ier .  For 50 ,

the agreement is no longer good. The comparison between the :nr value

determined from the transmission data and the theoret ica l curve (Lnr 1)
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and the value determi ned from the divergence ang le data (a nr 2 ) suggests

tha t the true nr — r curve is as sketched in Fig. 18(c). For this value

of the max ima of the theoretical nr - r curv e is approximately

at the nozzle exit loca tion; the experimental data suggests that the

maximum is downstream of this point and of a higher value.

Much of the data of Figs. 11 , 12 , 13 and 14 appears to indica te

a total disappearance of the light well (under the most favorable con-

ditions of li ght injection) at betweeen 42 and 45. The theoreti-

cal curves ind icate that the light wel l shoul d continue to exist down

to 27 . This fact suggest that for , say, c~~/o~ = 40 , the compar-

ison bet ,een  the theoretical and real nr - r curves is as shown in Fig. l8d

(estimated real curve show n dotted downstrea m of the nozzle exit). The

theoretical curve still has a shallow local maxi ma and would produce a

ligh t w ell , while the real curve no longer has a maxi ma or produces a

li ght t-.’el 1 . it is noted here that ra ndo: scatte ring of li gh t fro m den-

s i ty fluctuations in the li ght t ell (e.g. free-stream and heundary — layer

turbulence ) would tend to cause light t-iell failure at higher 
~~~~~~~~~~~ 

values

than predicted theoretically. Li ght which would theoretically be trapped

in the li ght well (the theoretical calculations take no account of tur-

bulence) can be scat tered out of the well by the turbulent density fluc-

tua tions. However , observations from experimen t~ 1 da ta (see

Section 4.3.7) appear to indi cate that the rando m scattering

of l ight ny density fluctuations is not strong enough to cause i ight well

failure a t - 
0’ ~ 

= 42 if the theoretical li ght well sha pes were correct.

The differences between the theoretical nr — r curves and the esti-

mated true curves (estimated as discussed in this section) can be made

roughly self-consistent over the range of values considered as

- F _ ’____ ________ __ 
— — rI.... j*su jn.~.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~ .
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follows . Fig. 19 shows , for a particular value of /~~~~
, the theo re ti cal

nr — r curve , the estima ted true curve and two limiting li nes . The n0r

line is evaluated at the gas density at the nozzle stagnation condi-

t ions; the nfe r line is evaluate d at the gas densi ty a t full ex pans i on

to the am bient pressure outside the nozzle. Far upstream of the nozzle ,

nr = curve a pp roaches the n r  line. If the reg ion of the nozzle exit ,

the nr — r curve changes rapidly from being close to the ~~r line to

being close to the 0
f r line. All the estimated true nr - r curves

discussed earl ier suggest that , downstream from the nozzle exit , the

expansion of the gas does not take place as fast in fact as is predicted

theoreticall y. The amount hi which the expansion lags behind that pre-

dicted theore tical l y is rouc hly cons i s ten t as determ i ned over the com-

plete range of es timat ed nr - r curv es d i scusse d ear li er . Th i s stron g ly

suggests , but does no t p rove , tha t del ayed ex p ans i on dow nstream from

tha t nozz le  ex i t  is the m ain cause fe- the di f ference betw een the theore-

t ica l and estimated true nr - r curves.

An important contr ibut ion to the delayed expansion is probably due

to the inward momentu m of the gas f low a pproaching the nozzle exi t ;

this occurs since the nozzle wa l l s  are inclined at 4 degrees to the

center line of the flow . The theoretic al model assumed the supersonic

expans ion star ts  wi th a paral lel  f lo~-i ~ = 1 jet. Boundary l ayer effects

and niach ining and alienm ent errors nay also contribute to the differences

bett-ieen the theoretical and estimated true nr - r curves.

4.3.3 Estimation of the True M axi m um Ang ular Tolerance of the Li ght

Well Base d on the Tail Calculation

The di vergence a ng le data of Figs. 12(b) and 13(b) is reproduced

in Fig . 20 t-iith an est imo l id true ;T Cur ve added. This curve was obtained ,

. -  _ _
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as described below , foli o -m a very closely many of the arguments presented

in Sec ti on 4.3.2 with respect to the estimation of the true nr - r curve.

For 55 
~~ ~~~~~~~~~~~ ~ 95 , the curve w as obta ined by noting t he x v a lue of the

upst ream limit of the light well obtained from tha experimental trans-

mission an d photographic data presented in Fig. 11. Combining this

infom at ion with the theoretical nr - r curve (which appears to be

fai r ly accurate upstream of the nozzle exi t  — see Sect ion 4 .3 .2 )  yields

a nr di f ference be tw~cn the light well li m it and the bottom of the well.

Usi ng an equation sim ilar to Equ . 2, Sec ti on 3.2, the est im ated true

maxim um angle tolerance of the l i~ ht well (- u) based on the (pseudo-)

ta il calculation is obtained. For 47 
~ 

;-~~/P~ ~ 55 , the curve basically

follows the ari d ~~~~ cu rves of Fig. 20(a). There are , however , reasons

for do i ng thi s w h i c h  are cons i nt - i th the overal l  picture for the

esti ma ted tr u e nr versus r curves developed in sect ion 4 .3 .2 .  Final ly,

~TE is te ken to cc to zero at the point of li ght mel 1 fai lu re ( e / ~

42) indi cat ed by an y of the data of Fig. 11 , 12 , 13 an d 14. Again ,

the nr - r discussion of section 4.3.2 contains argu cnts very relevant

to this ass u~~tion.

4.3.4 Ten d cr .~y of Hi gh Trans m i ss i on Con diti ons to be Assoc ia ted

Wi th and Less Than - and -
2 ~TE

Compari ng the trans m ission data of Figs. 12(c) and 13(c) with the
Fi g. 20 she— s that hi as trans m ission

dive rceece angle and ‘TE and data of /conditions are associated with

and 
~z 

values w h ich  are s ignif i can tly belo w bot h the 
~TE 

and 
~~

lim its .

In th i s conn ec ti on , it should be pointed out that crude heat transfer cal—

culatio n s (see Section 3.1) indicate th at for the lower ~/~~5 
va lues

(~ 
In 4 S - CS) the t e n t  esti ; ~

t e for the location of the true curveO s  w

is roughl y half way Lt ..’ean the t o  curves shown. For hi gher values of

_ _ _ _  —
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the tr ue ~ . curve would be expectec to be progressively close r

to the curve , based on heat transfer a rguments. In part icular ,

the highest t rans m issions , t hese of Fig. 13 (c) (and Fi gs.  13b and 2Db)

for a0/a 5 � 75 are associated with and 1 r valuPs ran ging from 1 to

2.5 degrees below the t a n d ‘TE lim its , wi th the very highest I value

(arrow Fig. 20b)occurring at a m inimum of 
~~~~~

. T he x
~r~ 

— .16 mm data

(Figs. 12 , 20a ) does not shot such outstand ing ly hi gh T values , but

the range of the h ighes t T values of the run , 65 ~ ~ 75 , corresponds

to that region where the ~ an d values are be low both t he - and

limits . In this reg ion the ~~
Z

and 
~ 

values average 0.7 t~o

T
~ .ü

degrees belo w the lim i ts w i th  the hi g hest T v a lue (arrow , Fig. 20a )

centered in the reg ion of re la t ive ly  low an d Under opera t ing

con d iti ons y ield i ng l c .e r T va lues , the and 
~r 

values t e nd to be

quite close to either or The correspondence noted in this

paragraph is to be expected , si ice ; ,- or 
~~~~ 

values near the l imiting

c urves means tha t some l ight is on te e point oC being lost fro m th~
well; th eee condi tions t-.auld be expected alonc with lower I values.

4.3.5 DETAILED DISCUSS IO~ OF THE DATA FPC;~ TdO SEP IES 01 TEST IiHdS

ON THE VE NUS ~tA c Hr N E

The two series of test runs to La discussed are those yielding the

data of Figs. 12 and 20a ,. /~ 95, x~~ - .16 c-i , and those y ielding

the data of F i gs. 13 and 20(b), ~-~~~/o 5 95~ X jn 
.20

4 . 3 . 5 .1  SOME DISCUSSIO N OF T ANSNI SS iO~ DATA MITh R[FEREPC [ TO

LIGHT WELL PHOTOg2APH S

The photographs prea~- nt ;J in th is discuss ion ~,-ere thoco taken in

1974 (see Sec tion 2.2). Tht-y were ta~.er t i  th the input w i rdo ,-i of tht



____ -

Venus Machine flooded with light , ard  shou ld  prov ide a fair ly accurate

measure of the total ex tent of the light well. The only signific ant

difference between the operati ng con di tio ns for the photo g rap hs and those

for the da ta of Fi es. 1 2 , 13 and 20 i s tha t long runs wit h a dro p in

the gas reservoir  te mperature were taken for the latter , a nd shor t runs

for the former. This means tha t the theoretica l limit ing curves for

the light well shape and maxi m um angular tol eranca basr- J on the t-:all

calcula ti on are the ‘ n o T ” curves in F igs. 12 and 13 for the photo-

gra phs but would lie sore-there between the n a T’ and the “ 

~ T” curves

for the rem ai ning data . See discussion of Sactions 3.1 end 3.2. This

difference is relatively small and would appear to affect . the following

discussion onl y sli e htl y, bu t should be borne in 111 nil .

The photogr ap hs for e i ght di fferer ;t values of 
~

. / ,-  are sho w n in

Fig. 21. The c i rc les are of the est i m ated “di e cter ” of the input laser

beam . The bee ; is , of course , not sha i-ply houn ded at t his die ;; abet’;

there is some po~-;er outside the indicated c i rc le .  E x c ’ ; t  for th e case

of t o/c s = 43.9 each photog raph shows the posi t ion of i input lase r

beam for Xjn — .16 mm (Fig. 12 and 20a) and for X jn .20 n H  (rig. 13

and 205 ) .  The circle in the tail of the light we ll is tha t for X jn

— .16 mci . It was not possible to establish r and z coor dina te references

for the picture with 
~~~ ~ 

= 43.9; only the dia m eter of input laser

beam is i ndicated in this case.

I n  the d iscuss ion to to l low it should be borne i t m ind that one

does not exp ect a near-perfect quantative agreei ant he~ - : 1 1  Fi g. 21 and

the data of Fi gs. 12 , 13 and 20. In par t icu l a r , the p h~~nnraph s of Fig. 20

are of the outp.J t w i nilr.w of th 0 Venus ~“achi , ’ w hcr is I ~~~~ posi tion of

the input bc-c -; is measured at input window and t are are m anuf acturin g
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and mounting ct-rot-s which eke these two position not strictly equiva-

lent. This alone would preclu de acreem ent of very high accuracies.

For x. .20 ri ; (Fic . 13c), T > .900 for 
~~~ ~ 

67 an d is greater

than .990 for a~/~-~ ~ 74 t-a~chin a a value of .991 at 80. In

const rast , for X in - .10 ru (rig . 12c ) T ranges from .910 to .955

for 53 ~ e~/a~ ~ 95 ‘-ti th . C ~H bei ig the m axi m um value. Turning to

Fig. 21 , it can be seen U; t ~on x th .20 ci and c / a  ~ 75 , the input

laser beam in centered wel l ~ side th e li ght i, ell , so that no t only the

central portion of the Lea (rouidily indicated by the circle) hut a

large amount of the l ic* t in he outlying regions is injec teo insi de

the light well. This fact is cl i -~-;ci to account for the very high

transmission measured und :r Yiese erm -atin g conditions. Fo r X in = — .16i i~ii,

50 
~ 

a0/n 5 91 , ho- c - er , i~ is app e rmi t  from Fig.  21 that there are

no Po/e s values w here the i n:aat l~ ~ir linac is injected such that the

central and the ou tl yi ni~ em icr-s o C ~hc h e m  are as deeply i itside the

light wel l as is the case ~ > j~ 
: . 2 0 i m . Under this whole range of

p / p  va lues , it is be lic ’,u t~ at a signific ant part of the outly ing

regions of the  i n p u t  laser t~~ mi - kses the light tel l , accountin g for

the lower t ransmiss ion v a l e s ef .0 J  to .0E 5 (the maximum value).

4.3.5.2 EST:::ATED T P~ E L:C:,1 ~:ELL t.C~JOU~ PLOTS

Fig. 22 show s e s t i ; a t - ;  ~r;e l ig h t  ‘.‘:el l nr contours p lots cons t ruc te d

as fo l lo -.- s .  The nr v~ lues :ii ; -~ c cen terline upstream of the nozz le

ex it were ta ken f r i  the c~ re~ ic~ l nr-r curves discussed in Section 3.1.

The nr va lues a lon g U c c - t c r l  ire dnunstre arn f the nozzle exi t  were

taken fr ; ;  the es t i~: m. -
~ V er - c  curves in this reg ion w hich were ob-

tained as descr i bed i i  S c -e t :  4 .3 .2. The height of the nr j u p  t hreugh
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the boun dary layer is taken from a com par i son of the theoret i cal nr

and n
~
r curves obtained as discussed in Section 3.1. The thickness of

the boundary l ayer is greatly exaggerated in Fig. 22 for clarity . The

contour forming the boun dary of the light well is taken from the pho to-

graphs of Fig. 21. The variations of nr in the z-direct ion downstream

of the nozzle ex is t  were obtained from the theo re ti cal calcula ti ons of

Ref . 4 . These calculat ions , al though done for slightly different con-

ditions than those of the Venus Machine , shoul d g i ve a fair es ti ma te

of the z—struc ture of the light well downstream of the nozzle exit. The

plots of Fig. 22, while not of extreme accuracy , are believed to give

a fairly good estima te of the true structures of the light wells. Note

tha t the contour intervals are no t the same for the f ive values of p
0
/p

5
.

In each contour plot , the size and loca ti on of the i nput laser beam

for the two operating conditions to be discussed in the two succeeding

sec ti ons are ind ica ted.

4.3.5.3 Discussion of the Operating Conditions of the Data of Figs. 13

and 20b (x~ .20 mm , o00/p 5 95).

Firs t, the operati ng conditions 75 ~ e0
/p

5 ~ 95 wil l  be d iscusse d.

The rele vant parts of Fig. 22 are (a) and (b). For these conditions the

light is injecte d over a relatively small range of nr values compared to

the conditions with X in = — .16 rtin . As d iscussed in Section 4.3.1 , the

li ght will i nuiediate l y begin to oscillate in the r—direction. However ,

because of the in jection conditions the oscillations will be of modest

amplitude. Hence , the light will penetrate only
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a relatively small distance into the reg ion of curve d nr contours down-

stream of the nozzle exi t. “Reflec tion ” of the osc i l la ting li ght from

these rela tively gently curved contours should cause a relatively in-

efficien t gener ati on of z osc i l la t ions from the ini t ial r osc i l la t i ons .

This relat ive inefficiency of generation of z oscillations is believed to

be res ponsi b le for the observe d fac t tha t i s less than 
~r 

for

~ 70 (Fig . l3b). The injection low in the well and the cor-

res pondi ng mo dest am plitude of the ini t i al r osc i l la tion is very li kel y

res pons ib le for the fact that 
~z 

and t r are wel l below the limi ti ng

curves of and for e0/c5 
> 75 (Fig. 20h). The same factors ,

com bi ned w it h the rela ti vel y ineff i cient ge nera tion of z osc i lla ti ons ,

mean tha t initial order of the light in the well (i.e., the ini tial

r oscilla tions) tends to be relatively well preserved as the light

traverses the Venus Mac hi ne , an d are li kel y res ponsi b le fo r the order-

ing in the r and z di rec ti ons a pp aren t in the di ver gence ang le photo-

gra phs. Photographs 23a and 23b are relevant to the present discussion.

Fi g. 23a shows two unequal spots elon ga ted in the r- d irect i on se pa ra-

ted by a reg ion of somewhat lower light intensity . Fig. 23b shows

an almost recta ngular output beam oriented along the r and z directions .

The in jection of the laser beam low in the light well , the co rres pond-

ing l y relatively modest amplitudes of the r and z oscillations (well below

the l imiting values of 
~TE and ;~~~~) 

and the fact that the light wel l

ex tend s cons iderabl y beyond the “diameter ” of the input spot in all

directions (see Sect ion 4.3.5.1) combine to yield very favorable operati ng

co nditions under wh ich transmission of the Venus Machine is very high ,

from .992 to .997.

_ _ _ _ _ _ _  
~~- -— ~
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The operating conditions 63 ~ o~/o5 ~ 75 will be discussed . The re-

levant part of Fig. 22 is (c); the photographs of Fig. 21 for p
0
/~~ 

= 74 .1

and 64.6 are also in this range. In this case the light tends to be in-

jected considerably highe r up in the well. Stronger r oscillations will

imediately start. The light also will ride much further up into the

regi on of curve d nr contours dow nst rea ;- ; from the nozzle ex i t .  “ Reflect ion ”

from these s trongly curved and inclined contours should cause a much more

efficient generation of z oscillations from the initial r oscillations .

Then behavio r of the 
~r 

and data of Figs. l3b and 205 for 63

~ 75 reflects roughly the above discussion. There is much less tendency

for to be less than 
~~ 

par t icu lar ly  a l low i ng for the fact that the

divergence angle photographs for e0/c5 
= 72.5 and 75 shot- i faint light

traces which , i f inclu d ed i n the ca lcu la ti on of 
~z’ 

woul d have ma de

roughly equal to These traces are not p resen t for e 0
/P
5 ~ 

77.5.

I f  
~ 

is considered to be roughly equal to 
~r 

for e
0

/e
5 

= 72 .5 and 7 5,

then , in general , in the reg ion of d iscuss ion , 
~r 

and tend to be ;uch

closer to the limiting curves 
~~TE or ;.~~

) than for conditions with

‘ 75. The data are essentially at the limiting 
~TE value for

63 
~ ~ 67.

T he fol 1o~’inq should be noted at this point.  For x in .20 mm,

the li ght is initially travelling in the Venus ~-~achi ne wi th strong

oscillat ions in the r directions only. Oscillation energy is then trans-

ferred to oscillat ions in the z directions (from those in the r direction).

Wi th a very high efficiency of transfer , on e would expect the oscilla-

tions to be of e’~ua l amplitude in the r and z directions , but the ampli-

tude in the z direction would not be expected to be higher than that in the

r direc tion. The data of Fi gs . l3b and 20b for 60 ~ 0/p 5: 70
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would appear to contradict this. Ho~-,ever , careful examination of faint

wisps of ligh t in these photographs indicate that the cond i tion

is not significan tly violated. However , the and r data were kept

as originally plotted , tha t i s , those angles within which a modera tely

strong exs osure ap pears on the film. This points out , to a certain

degree , the arbitrary nature of taking these sort of measurements off

photogra phs. However , the invest igators be l ieve that even if a consider-

ably different exposure intensity was taken to establish dimensions to

be taken off photograp hs , the discussion and conclusions of this report

would be unaltered . The followi ng paragraph returns to the main dis-

cussion of this section.

The lowered transmission values for this range of ~0/p5 l ikely reflects

the fact tha t, as p
0ir 5 decreases sore of the outl yin g energy of the

laser beam begins to be in jected outside the well on the upstream side.

See espe cially Fig. 21 .

The transm ission decreases from .992 for p0/p 5 = 75 to .963 for p /p  63.

The stronger oscilla tions of the li ght in the well are also reflected in

the more disorganized structur e of the diver gence angle photographs . A

typical such photo graph is shown in Fig. 23(c) for = 65. The diver-

gencc ang le photo graphs tend to sha~-i a somewhat filamentary character with

in dividual filam en ts subtending angles as sm all as 0.5 degrees. It is

bel ieved that this filment ary structure may result  from a kind of extreme

extendi ng and distortion cf the initially compact laser beam as it under-

goes repeated ref lections frcm the hi chly curved nr contours downstream

from the nozzle exit. The m inimu m angle subtended h the filamentary

structure is roughl y equal to the ang le subtended by the inp ut laser beam;
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the latter angle is 0.7 degrees . This explanation for the filamentary struc-

ture is tentative , at present , however.

Finally, operating conditions ~0/~5 ~ 63 will be discussed . Of Fig. 22,

(d) and (e) are now relevan t, and of Fi g. 21 , all photographs in the appropri-

ate p
0
/~~~

5 

range . Under these cond itions , as e0/o~ 
is lowere d , the up s tream

lim it of the light well rapidly moves past the input laser beam and the trans-

mission falls very steeply. I falls fro m .963 at 63 to .048 at

55. The and 
~r 

(Fi gs. 135 and 20b) values and the nature of the divergence

angle pictures show , in general , little change as 
~0/p5 

decreases below 63 to

the point of “pho tog ra phi c ligh t well failure ” — = 55, at w h ich poin t no

exposure is detectable on the film. The apparent sharp decrea re in and

at = 57.5 may be due sin -ply to the very greatly decreased amount of ligh t

fall ing on the fi lm , creating an image of which only the brighter inner regions

are recorded. At p~ /~~ 
= 60 , a fain t ta i l extendin g in the d irec tion of the

tail of the light wel l i s note d in the d iv ergence an g le ph otog ra phs . T he angu-

lar extent of this tail is well beyond the 
~TE and limits and is indicated

by the 
~

-
~-A~L 

point in Fig. 13b and 205. This phenomena will be discussed fur-

ther in Sec tion 4.3.6.

4.3.5.4 Discussion of the Operating Condit ions of the Data in Figs . 12 and 20a

(x~~ — .16 mm ,~ 0 /~ 5 95).

First , the op era ting cond it ions 75 ~ ~~~~ ~ 
95 will be discussed. (a) and

(b) are relevant from Fig. 22 and the first two photographs from Fig. 21. The

light is injected hi gh up in the light well under these conditions , in contrast

to the corresponding conditions fnr X in 
= .20 rn. The light is also injected

over a much larger range of nr values than is the case for xin = .20 mm. The

l i ght will immediately begin oscillating strong ly in both the r and z dir er tions ; 

~~~~
- -  - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-_-

~~~~~~~
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~~~~~~~~~~~~ 
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the la tter because the li ght is injected in regions with large nr gradients in

the z dire tion. Under these conditions , the magnitude of the oscillations in

teh r and z directions would be expected to be nearly equal , as i s sho wn ex per-

iment ally by the data of Figs . l2b and 20a . A typical divergence angle pi cture

in this e~/ 
~ 

range is show-n in Fig. 23d . The output beam is diffused and

roughly circular with little trace of the fine fil ar; entat ion at Fig. 23c . ~Iith -

the li ght injecte d a t high levels in the wel l , the well is essentially fill ed

up to the limiting value , 
~~~~~ 

That is , and r are rou ghly equal to

in Figs. l2b and 20a . (As mentioned earlier in this report , for the higher

values of a 0/0 5
, the true curve should lie fairly close to the 

~w ,:T cu rve.)

Since the edge of the centra l reg ion of the i nput laser beam (the circles in

Fig. 22) are quite close to the l i ; h t  well limits , a considerable portion of

the light in the outlying portions cf the bear; is not trapped in the light wel l

an d is los t. He nce , the transmission of the Venus is relatively low (.91 - .95 )

compared to the corresponding conditions with x in = .2O mn’ (T > .99 ) .

There are two apparent disa greem ents in the experimental data which should

be noted at this point.

(a) Divergence angle photographs at ~~ = - .16 mm, 
~~~~~ 

= 80 — 95 (injection

high in light well) show little or no fi l arsentation , while photographs

at x in = .20 mm , no/a s = 57 - 72 (injection also hi gh in light we l l )

show filamentation.

(b) Divergence angle photographs at x in = - .16 mm , p
0/~5 

= 80 - 95 (injection

h igh in well) indicate a very syninetrical output beam , with 
~r ~~ 

wh i le

for x. = .67 mm, / = 85 - 95 (also injection hi gh in well), trans-0

mission and photographic data indicate that is substantially larger

than 
~ 

(see Sec tion 4.3.1).

~

—

~

- —- - .~~~ - — -- - - ---- --~~~~- -  -~~~~~ - -- 



-41-

Discuss ion of these points will be made with some reference to Figs. 22a

throu gh 22d . The data suggest that injection hi gh in the light well on the

upstream slope can cause considerable ordering to be shown in the divergen ce

ang le photogr aphs (or im plied by other data). In the cases mentioned , either

f i lamen ta ti on or 
~r 

considerably greater than 
~~~~~~ 

On the o ther hand , injec-

tion high in the li ght well on the downstream slope appears to generate rela-

tively disordered diver cence angle photographs 
~~r ~~ 

li ttle or no filamen-

tation). It is believed that these differences may be related to the fact

that light injected high i n th e light wel l  on the downs tream slo pe wi ll imme-

diatel y star t osc i l la ti ng s tron gly in the z d i rec ti on as well as in the r

direc tion . Referrin g to F i g . 22, so m e of the ligh t from the input beam w i ll

move i n the posi t ive z di rec ti on , some in the negative z direction and some only

in the r dlrection(the lieh t whi ch moves in the -‘-ye and -ye z directions also

moves in the r direction) . The rapid distortion of the input beam impli ed by

these varie d z-motions nay be connected with the lack of structure of the di-

vergence angle photographs for conditions wi th inject ion high in the wel l on

the downstream slope. The light injected hi gh in the wel l  on the up s tream slo pe

wi ll initially beg i n to mo v e i n a wel l  organiza ti on fas hi o n almost solel y in

the r - di rec tion . Ho-~ever , after crossi r the well , this li ght will enter the

reg ion of s trongly curve d nr con tou rs , an d it is not clear that the disorganiza-

t ion of the l ight on “refl ect ion ” w i l l  be less than the init ial disorganizat ion

of the light injected high on the downstrea m side , though this may ,in fact , be

the case. I t is believed that organi zational differences of the divergence angle

(or implied divergence angle) data discussed in this paragraph are related to the

mechanisms presented herein but, on account of the uncertainties , this must remain

tentative at present.

_ _
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Operating conditions with 63 ~ p0/a 5 ~ 78 wi ll now be discussed .

Fig. 22c and the pho togra phs for c0/~~ = 64.6 and 74.1 of Fig. 21 are

relevan t. For these conditions , the li ght s tar ts out somew hat lower i n

the li ght well than for p0/p 5 > 78. Al so , the central region of the in-

put laser beam is somewha t farther re; oved ft-o;;; the limits of the light

well [cf. (c) Fi g. 22 with (b) and (a)]. Hence , the transm i ssion is some-

wha t hi gher tha n for 78 C 0/ r 5 ~ 95 (.947 to .955 versus .910 to .947).

However , the input beam is still not nearly as -dell contained in the well

as for condit ions with x jn .20 mm and 75 ~ p0/p 5 ~ 95 and the very hi gh

transmiss ions of the latter (>.99) are no t approached .

For cond iJons with x1~ .20 mm and 75 ~ p0/o5 ~ 95 (Section 4.3.5.3),

and were substantially below the and 
~TE l imits and T > .99 . For

this case , clearly by far the greater fract i on of the lig ht of the i nput la-

ser beam is trapped well inside the input well. In contrast , for the p resen t

t onditions , T .95 and and r are consi derably closer to , but still below ,

the 
~

-
~
-E and limi ts. However , there is some apparent disegreenent among the

~xperiment al data. The transmission data indicates that 5~ of the light is in-

jected a bove the light well li mits and los t , wh i le the d i vergence angle da ta

would appear to indicate that all of the input should be transmitted since all

of it is below the limiting values of and The apparent disagreement

is not believe d to have any significant effect on the discussions of this re-

por t a nd ray be due to one or more of the fol lowing fac tors:

(a) The divergence angle and transmission data were taken under

sli ghtly different operating conditions . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



-43 -

(b) On the divergence angle photographs , a small amou nt of light

can be no ticed ou t to an g les sl i ghtly lar ger than the valu es of and

recorded in Figs. l2b and 20a . Inclusion of this light in the de-

termination of and 
~r 

woul d render these values closer to 
~TE and

In the range of the hi ghest transmission values (65 ~ a0/e 5 ~ 70), the

divergence angl e photog raphs show organizat ion along the r and z directions

similar to , but not as strong as tha t for , Xin .20 mm , p
0
/p

5 = 90 — 95

(Section 4.3.5.3). Fig. 23e shows a divergence angle photograph for

= 67.5. The photograph has some similarity to that for x~~ .20 mm,

= 95 (Fig. 23a), showing again two spots elongated in the

r direc t ion , separated (for the most part) by a region of l ower light intensity .

As is the case for X jn .20 mm , the stron gest organization of the divergence

angle photograph in the r and z directions is associated wi th the hi ghes t trans-

missions of the Venus Machine .

In discussing opera ti ng con diti ons w it h 53 ~ p0/p 5 ~ 63 Fig. 22d and the

photographs of Fig. 21 for 
~~~~~~~~~~~ 

= 55.4 and 59.7 are relevant. The transmission

values are ir~we r t han for 63 a0/r 5 ~ 78 , ranging from .924 to .947. The diver-

gence an gle photographs no longer have the structuring along the r and z directions.

As d -
0/p decreases , and 

~r 
increase un til they are roughly equa l to ‘TE at 

~~~~
= 6 1 and then fol low the 

~TE curve as decreases furt her .

Condi t ions bel ow ~~~~ ~ 53 show that the well decreases very rapidly in ex-

tent in both the r and z directions and the transmission falls very steeply, drop-

ping from .900 at 0/p 5 
= 52 to .091 at o0/c- 5 = 48. Fi g. 22e and the photographs

of Fig. 21 for = 50.1 and 43.9 are relevant .
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4.3.6 Photographically Indicated Extension of Light Beyond the Downstream

Lim its of the Light Well.

Reference w i ll be ma de of the F ig s . 11 , 12 , an d 13. When the light in-

jected into the Venus Machine is in the form of a na rrow beam for certain

values, the light well photographs indicate a substantially greater

“ light wel l ” extent than those photograp hs taken with the input window of

the Venus ~‘achine flooded with light. (The latter photographs have been shown

to give a picture of the true extent of the light well.) This phenomena occurs

for x~~~= - .16mm , 45~ p~~~/n~~~ ~ 55, an d for X
~in~~ .20 mm , 55~~ c~ /o~ ~ 72 (com-

pare Figs. 11 , 1 2a and l3a). For xin 20 mm, 55 
~~ p~~~/p~~ ~~ 62 , and x jn — .16 niii,

~ ~ 55, the phenomena are clearly associated with light in the process

of being lost fro;; the light well and , in fact , outside the limits of the light

well. The fact tha t the light is in process of being lost is supported by the

transm ission data (Figs. l2c and l3c) -:hich indicate a very steep drop in trans-

mi ssion in the a
0/o 5 ranges of interest. Further , the diver gence ang le photo-

graphs show long tails extending well beyond the maxi m um tolerance angles of the

light well. A typical such divergence angle photograph is shown in Fig . 23c.

The angular extent of these tails are indicated in Figs. l2b and 13b. For xjn

.20 mm , only one photograph sho is a tail.

4.3.7 Scattering of Li ght in the Venus Machine

In Section 3.4, three types of random density perturbations were discussed

which might cause scattering of light within the Venus Machine. These three

types were:

1) Densit y perturbations in the free stream flow in the light well region

which are caused by residual temperature and pressure perturbations carried

down s -ean from turbulence producing reg ions in the approach flow system .

J
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2) Dens ity perturbations in the free stream flow in the li ght well re-

gion caused by acoustic no i se radiat i on from the boundary layers .

3) Dens ity perturbations in the boundary layer in the light well region

due to pressure and temperature fluctuations.

Ex per imen tal es t ima tes of the max imum random sca tter i ng ang le of the Venus Ma-

chine were made as follows . The filamentary structure of the divergence angle

photographs noted in Section 4.3.5.3 for 63 ~ ~~~~ ~ 
75 (e.g., Fig. 23c) ~-;ould

be expected to be destroyed for random scattering much greater than half the

width of the filaments . The filaments typically are of width 0.5 degrees , lea d-

ing to a rou gh estimate of the maximum sca tter i ng ang le of the V enus Mac hi ne of

0.25 degrees. The input laser beam subtends a half-angle of .35 degrees . Thus ,

the fine structure observed in the output ben;;, subtends roughly the same angle

as the in put beam . This suggests that random scattering in the Venus Mach ine

may be quite low , perhaps 0.1 — 0.2 degrees or less , and much less than the

typical half angle subtended by the entire output beam (typically -4 degrees).

Further wor k is required to settl e the question of the random scattering angle

of the Venus Mac hi ne .

4.3.8 Comparison of Data for ~~~~~ 68 with that for p oo /c- 5 95.

All of the data discussed in Section 4.3 up to this point (with the excep-

tion of the 1974 transmission data ) was taken with ~~~ 95. For X in — . 1 6mm ,

light well and divergence angle photographs and transmission data were also taken

wi th p
00

/p 5 68 . For x in .20 mm , transmission data only was taken for

68. The da ta for cor res pon di ng n 0! ~ 
values is comp are d below . Be-

cause data for p0/p s > 68 is not ava i lab le  from a test run with p
00

/n
5 

68 ,

the com parison is limited to n
0
/o

5 ~ 68. The photographic data (light well and

beam divergence photographs ) were almost identical for ~~/r~ = 68 and 95. The
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trans mi ss i on da ta i n each pair of data curves were very sim i lar to each

other ; however , the rapid fall-off of transmission occurred at slightly

lower values of n0/p 5 for a00/c’5 68. There would appear to be no reason

why the performance of the Venus Machine should be slightly worse at

95 than at 
~~~~~ 

68, as indicated by the transmission data , exce pt for

the scattering effects of densit y perturbations . Of the 3 causes of densi cy

perturbations given in Section 4.3.7, the first and th i rd are clearly depen-

dent on the difference between the gas reservoir temperature and the temperd-

ture of t he Venus ~-iachine . Since this temperature difference is larger , for

exam p le , for a a
~
/c
~ 

= 60, 95 run con dit ion than for a = 60 ,

68 run condit ion , the density perturbations and the attendan t

sca tter i ng of light i n the lig ht well woul d be ex pecte d to be la rger for

a p00/p
5 

95 test run than for a ~00/~5 68 tes t run a t the same

valu e . Th i s effect may be res ponsi b le for the sl i ghtly poorer perfor mance

of the light well (at the same 0
0

/c
5 

value) for 
~~~~~~~~~~~~~ 95 as com pare d

to that at n00/c 5 68.

4 .4 Transm i ss i on Da ta

Mos t of the d iscuss ion of thi s report i nvolves detai le d anal yses of

transm i ssion da ta alon g w it h di ver gence an g le and li ght well photographic

da ta; only a few remarks are cal le d for wh i ch re fer mainl y to tra nsm i ss io n

[ 

data a lone ;t hey wi l l  be given here.

In the comparison of the photographic data wi th the transmission data

for a g iv en X in~ 
the re la t ive transmission was est imated very crudely from

the photographs in the region of rapid fall off of the transmission wi th
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decreasing a0/a 5. T hese cru de es ti ma tes were found to agree very wel l in

all cases with the transmission data , giving a check on the consistency

of the experi mental procedures .

4.4.1 Data at Hi gh Transmission Conditions ; Accuracy and Reproducibility .

Fig. 24 shows 1976 t ransmission data for 4 test runs with .20 mm.

As men tioned in Section 4.3.1 , for c 0/a 5 
< 78, the data is suspect because

of condensation of moisture on the outsides of the Venus Ma chine windows .

However , for ~ 78 , the data is valid. These runs were taken to

i nvest i gate high transmission conditions in the lig ht well , and to che ck the

reproducibility and accuracy of the experi nental methods. The reprodu-

cibility indicated by Fig. 24 for 
~~~~ 

= 80 is ± .010 in the value of

I; i .e., T(00/c 5 = 80) = .990 ± .010. The reproducibility will be dis-

cusse d fur ther af ter es timat e is made of the accuracy of the transmission

measure ments . Estimated errors in the det e rmi nat ion of T are given below:

Error in determining the t ransmission of the reference

prism (see Sec. 2) ± .002

Erro r in reading the data off oscilloscope pictu res ± .O0l - .002

Errors due to possible interfer ence effects in the

input and output windows (see Sec. 2) ± .0025

Error due to inaccu racies in the gains of the recording

oscilloscope (not m easurable) -O

Total est imated error in or accuracy of T values ± .0055— .00C5
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The maximum transmission value shown in Fig. 24 is 1.0026; the obvious mini-

mum error in this value is .0026, well w it hi n the es t ima ted erro r limi ts g iven

above . The differences among the 4 curves of Fig. 24 indicate that the re-

producibility of the I data is considerably larger than the error estimate .

The rela t ivel y large re p roduc ibi lity of -± .010 is almost cer ta inly due to

the grea t sensit iv i ty of the light well pe rformance to the ex ac t x and z-

posit ions of the i nput laser beam. It has been repeate dly o bserve d that

movemen ts of the input laser beam position , particularly in the z-direction ,

which are as small as .050 mm can produce su b s tan tial changes i n th e trans-

mission . On the o ther ha nd , the accuracy in setting and m easuring the input

beam position is limited to -t .02 mm. Hence , a cer tain amoun t of var i a-

bil ity in the measured transmission values is to be expected . It should

be noted that runs 1 and 4 in Fi g. 24 were taken wi th x in differing by

.054 mm. Hence , the transmission data of Fig. 24 should be regarded as

taken at 4 slightly different operating conditions. However , for any one

of these test runs , the transmission values hav e the es t ima ted accuracy 
-

given previously.  -

Cons idering runs 2 and 4 in F i g. 24, the maxim um measure d t ransmission

is 1.000 ± .0065 or , more conserva tively, 1.000 ± .010. Since the trans-

mission cannot be greater than unity , this last figure could be wri tten

as T(max) = .995 t .005.
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The data of 1976 is confirmed (for p~~/p~ > 78) by the 1977 data of

Fig. 14 for x. .20 m. The 1977 data indicates a transmission ofin
.991 at = 95 rising to .997 at 80, in excel lent  agreement

with runs 2 and 4 of Fig. 24.

5. AD UlT IO~AL RE~~~hS

Many of the foregoing conclusions reflect points of detailed

understandin g of the operation of the Venus Machine , and it is not ap pro-

priate to attem pt to surr~nariz e them in this section. However , severa l

conclusions judged to be of more general interest e ra given below .

(1) The opera tion of the existing 90° Venus M achine is fairly wel l

understood , although there are st i l l  po i nts on which further wor k needs

to be done.

(2) The Venus Machine can opera te at tra n sm i ssions greater than

.990, and possibly very close to unity (Section 4.4.1).

(3) Certain data suggest that the random angular scatter ing in

the Venus Mach ine may be quite low , 0.1 to 0.2 degrees or b - e r  (Section

4.3.7).

(4) The relativel y large size of the output beam of the Venus

Machine (typ ically about 4 degrees half angle) is due to two sets of

causes.

(a) Manufactur i ng and moun ti ng errors , i.e. misal i gnment of

the two nozzle blocks , roundi ng of the corners at the

nozzle exit , and possi bly tool marks.

(b) Even if the errors of (a) were to be removed , the fol—

lowing re~ ain s . The light ‘dl is qenerally of an in-

ferior shape to direct the be n-i . It is difficult to

avoid r oscillations of significant strength , even if

L - --- - .- _~-- -
_ . _ _ _ _ _~_ . _- --- _ ---_- --- -~~~ - -~~~ ------ —- - -___ _ _ _ _ _ _ _~~_ _ _~ - _ _ _ _ _ _
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the location of the input beam is very carefully selected.

The sha pe of the light well downstream from the nozzle

exit is poor , generally ten ding to generate strong z oscil-

latior .s of the beam .

(5) Poi nts 2,3 an d 4 above indicate that pote ntial exists for the

design and construc tion of 90° an d 360° Venus Machines of much highe r

performance and optical qual ity .

6. REC0~-~ ENDAT 1 0NS FOR FUTURE LO~-~ PC~:ER RPS~rRC H ON THE 90° VE NUS MAC H IN E

(1) The poor merhanica l quality of the existing Venus Machine limits

the amo unt of work which it wou ld be prof i table to undertake on it. Ho- .-

ever, it would be desir able to ta ke d ivergence angle photogra phs at

90, x~~ .10 mm (see Fig. 22a). Under these operating conditions li ght

F would be injected at the very bottom of th? light ~- ‘el1 , and \‘ery low values

of 
~r 

and 
~z 

mi ght be obtained , which wou ld provide some degree of confirma-

tion of the data wh ich suggest that the random ar :’ iia r scattering of the

Venus Ma chine is very boa; (Section 4.3.7). Even if the and values

are not much lower than those presented in this report , the ran d om sca t ter-

ing of the Venus Machine is not proven ncc~ ss arib y to be hi ch; the manu fa c-

tur ing errors in the Venus Machine ra y  be responsible for raising r and

well above the ran d om scatter in g le .el

(2 )  The simplest recommended modi f ica t ion  of the Venus Machin e would

be as fob lows . The nozzle blocks w ould be re aved and refi ni shed to remove ,

as much as poss ib le , ro unding of the corners at the nozz le ex i t .  The nozzle

blocks w ould then be re ount ed. with careful attcnt ion to ali gne -ent , somewhat

closer tceether . The nozzle exit gao would La set at approxi ma tel y 0.30 rim
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instead of the former 0.40 mm. In operation with these nozzle chang es ,

the li ght well  w i ll b ook roughly as sketched in Fig . 25a for 90 .

The nr versus r profile along the centerline is also roughly sketched

in Fig . 25a . It is noted that ligh t , on injection into the well (at a

low level), can osci l la te w it h a mo dera te am p l itude i n the r d irec ti on

withou t enco u ntering the cu rve d nr conto u rs downstream from the nozzle

exit wh i ch tend to generate z osc i l la t ions . Under this typ e of opera t-

in g conditions the beam leaving the Venus Machine may well have very

low values althou gh 
~r 

woul d not be exce pt ionall y small . If thi s

was , in fact , observe d , the pos tulate d bow ran d om sca ttering ang le of

the Venus Machine would tend to be confirmed .

(3) It is reconsnended that the channel for the flow appr oachin g

the light well region of the Venus Machine be modified to reduce the

amount of turbulence which will be convected to the lig h t well. The

designs for these modif icat ions have been made an d some of the par ts

have been constructed. The remaining parts should be constructed and

the i mp rove d f low channel componen ts instal le d.

(4) Depending on the results obtained from (1) and (2) above, it

may be desirable to test the set of nozzle blocks of the shape sketched

rou ghly in Fi g. 25 b. The c han ges i n slo pe of the nozzle wa l ls  indi ca ted

i n t he ske tc h can rea di ly be shown to mod ify the light well shape and

the centerline nr - r curve as shown (for r~/a~ 90). The bottom of

the light well and the nr — r curve are flattened. If the input laser

beam is injec ted as ind ica ted , osc illations in both the r and z directions
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shoul d be ve ry small , and i t would appear possibl e, dependi ng on the ra n-

dom sca ttering angle of the Venus Machine , to achieve a very low ou tput

beam an g le in both the r and z directions . It is probab ly advisable , on

accoun t of the gr eater manufac turi ng d i ff i cult y for these nozzle blocks ,

to perform the experi ments indicated in (1) and (2) first.

(5) The types of light wells shown in Fig. 25a and 25b and those

discusse d in th~ bo~y of this report suffer fro; the following two disad-

van tages.

(a ) The light wel l makes use of boundary layers for s tab i l iza t ion

in the z—d irection; this can introduce unnecessary scattering

into the light ray paths due to density perturba tions in the

boundary b a y c r .

(b) The optical quality of the li ght wel l  as compared to a glass

index gradient fiber optic is very poor since the nr profiles

across the li~~;t well in the r and z directions are far fro-n

being parabobas equal to each other. This latter , stated in

a simplified ‘ - n y ,  is the requir ne ent for an imagi ng quality

li g ht guide.

If the work sug-~ested in (1) to (4) gives good results , it is reco mmended

that the nozzles blocks similar to those c~etched rou qhly in Fig. 25c be con-

structed . The nr contours sketched in Fi g. 25c were taken from Reference 5.

It is noted tha t t h is light wel l does not depend on tJe bounda ry l ayers for

stab i li za t i on in the z direction. This light well , while having an nr sur-

face much closer in shape to t he p-~rabo1 oi d of revolution of an idea l index

grad ient glass fiber than the light ‘.-.el l s ut bilized in the z direction by
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the boundary layer , still has substan tial assymmetry . It is therefore

a lso recommended tha t small modif icd t ions of the nozzle wall shapes of

Fig. 25c be made (on paper) and the nr versus r and z contours be cal-

culate d by com puter. The investi ga to rs bel i eve that an nr surface muc h

closer to the ideal paraboloid of revolu ti on coul d be achieve d. T he

nozzle profile yielding this best nr surface should be then b uilt and

tested . For a perfect parabo boidal  b ight  wel l  wi th nr versus r (or z)

gradients similar to those shown in Fig. 25c , for A = .633 nm , the s ize

of the TEM 0Q rn-ode is - 0 .08  rim , indicat ing that the input laser beam

cou ld be well cou p le d to the in~u t wel l in the available space. The

coupling could pro tably be made fair ly sat is fac tor i l y wi th  the real lig ht

well, which would not be perfectly symm etrical .

7. HIGH PO~•.’ER EX PER 1Mh’ 1TS ON THE 90° VENUS M4CHINE

The experi me nts described up to this point were done using a 1 m~
He— Ne laser as the li o ht source. Nhen focused down at the input window

of the ‘,‘erus ~nchine , this lase r  provides a powe r density of -10 w/cni2.

To invest igate the high power t ransmission chara c te r i s t i cs  of the Venus

Mach i ne, the ruby laser shown in Fig. 26 was constructed.  Th is  laser

produces a .015 3. pulse of ‘~O -m duration. The beam can readily be

focuse d down to - l25~ , suitable for injection into the Venus Machine.

Usin g th e ruby laser , the trans m ission c f the ‘.‘enu s Machine at power den-

sities up to 10~ w/cn
2 will be investi gated. The experimental set up is

shown in Fi g. 27. The set up is very sim ilar to those shown in Fig. 1 and

use d fnr low power rneasure~’ents . The at tenuators shown a l low the trans-

mission of the .‘ er:ls ~‘a ch ine to be investigated at power densiti es of 1o6
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to b0~ w/c m 2 . The light is detected by si l icon photoce l ls w hich act as

passive integrators of the energy of the laser pulse. Preliminary tests

have shown the cells to be linear to within t lZ. The operation of the

a pp ara tu s w i ll be as fo l lows . Se veral s hots wi l l  be taken using the cal l-

brated reference prism to defl ect the l ight .  This establ ishes the ratio

between the output pulses of the photodetectors 1 and 2 which corresponds

to the known prism transmission. One or more shots wi l l  then be taken a t

the des ired Venus Machine operating condition. From the ratio of the out -

put pulses of the two photodetectors , the Ven us Machine transmission can

readily be ca lcu lated .

Un fortunately, several p ro b le m s were ex per ience d i n buil d ing and tes t-

in g out the detection system . Initially, very fas t PIN photodiodes were

used as the detectors , since they would have permitted one to follow the

actual nanoseco nd laser pulse. After several months ’ wor k , however , it

was conclude d that the electronics associated with the photodiodes was not

ca pable of yielding U e desired accuracy of ± 1%. Silicon photocells act-

ing as passive integrators were then substituted for the PIN photodi odes .

Also , stray ruby bight , such as reflec tions off the ceiling, was reaching

phot od e tectors 1 and 2 as th ey were or iginal l y moun ted , preventing consis—

tent results f m ;  b einj obtained . By mounting the photodetectors inside

light - t i ght boxes , t L s  proble- ;  was el iminated . These problems and others

have delayed the h i gh power measure ments considerably. We believe that the

hi gh power rneasure- ents will be stirted soon.

-- -- -
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8. THE ELECTRICAL DISCHARGE

8.1 Aerod ynamics of E—beam Sustained Discharges in Supersonic Flow

The elec tr i c glo w d ischar ge in su person i c flow p resen ts a fasc i nating

array of complex aerodynamic prob lems . At presen t the most importan t use

of th i s di schar ge system i s the case of hi gh power CW electri c lasers , of

wh ich the CO system promis es to be the most efficient. In this case, a

transverse electrical discharge excites a large volume of gas in the super-

sonic section , and a popula ti on inversion buil d s up in the d irec ti on of

flow un til basing can take plac e. As laser radiation is extracted , the

vi brat ional populat ion is re duced , and the waste gas may be discharged

through a suitable diffuser to the atmosphere.

The electr ical discharge laser has basic flow problems that are very

different from those associa ted wi th gas—dynamic lasers. Firstly, su per-

saturated mixtures and condensation may be a problem if cryogenic tempera-

tures are used. At these low temperatures , too , any heat addi ti on to the

flowing gas stream crea tes lar ge rela ti ve c han ge s i n temp erature , affecting

the per formance of th e laser . In add ition , there are large losses in total

pressure of the system that may affect the ability to complete diffuse the

flow to the a t;;nasphere. Then too , the electric power densi ty loa di ng of a

high power laser discharge is limited by many physical problems , not the

least of wh ich may be a plasma instability . In the case of supersonic flows ,

the discharge problem may manifest itself earlier in a number of complex

ways an d be brought on by the flow features themselves . High power loading ,

which is desirabl e for high efficiency operation , can lea d to a glow to arc

trans ition , completely stopping the laser operation. The fundamenta l basis

for possi ble deleterious inte raction of the flow and discharge is the objec-

t i ve of th is rese a rch.

_ _ _ _ _ _ __ _ _ _ _ _ _ _ _  ~~~~—~~-----—-~~~~~
__—  __
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8.2 The Supersonic F low Faci l i ty  and Discharge Apparatus

The f low faci l i ty that can sti ;oulate in a sat isfactory way the dis-

charge character i st ics of large scale laser d ischar ge fac i li ti es was re-

centl y comp leted.

Basicall y, in this setu p, the flow and discharge characteri stics of

a large scale electric laser can be tested , usin g a combination of long

dura tion plus flow and electric discharges. Figure 28 iS a drawing of

the facil ity showing some of the important elements . A 6” diameter Lud-

w i eg tube p rov id es the f low of gas required for the discharge. It is

capable of storing gas at up to 300 ps ia .  The gas is expanded through

a conventional 2-D nozz le  syste ; .  w hich at present gives r ise to a f low

cross section of 4 cm x 20 cm. A N = 3.5 nozzle can be seen in Fi gure 28.

After cempletion of the facility the flow duration and quali ty were examined ,

using pressure gauges and double pulse laser holographi c interferometry .

Figure 29 s hows a typical pressure history for the test section on a time

scale of 1 msec/dm . After an initial transient of 2 msec dura t ion the

pressure becomes nearly constant giv ing a testing time in excess of 8 msec .

The Mach number of the flow was measured in Ar -N 7 mixtures and found to be

M = 3.2 t 3U in agreement with calculations . Fi gure ~ shows a typical

laser holographic interference photograph from which this was measured .

The discharge is located in the supersonic channel and is stabilized

by an e—beam . This e-beam is produced by a plasma diode 6” in diameter and

ca pable of be i ng operated a t up to 150 kV.  The system has operated at

vol tages as hi gh as 135 kV in tests . The duration of the discharge and

e— beam cu rrent can be eas ily cont ro l led . Time durat ion from 10 i~sec to
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many times th e trans it t ime of a p a rti cle throu gh the discharge can be

obtained. The apparatus can supply e-beam current with a duration in

exce ss of s ix time s this transit time scale ( t ransi t  time order of 50

~sec ) ~ith a corresponding vol tage drop of no more than lOP on the diode.

At low -ei’ current densit ies longer time scales are possible,  perhaps

cons iderably in excess of 1 msec. A typical e-beam current and voltage

trace is g iven in Figure 31. Bo th the i nput curren t to the d iode

and e- beam output are shown. As can be seen , the output is only a frac-

tion of the input curren t, typical of plasma diodes . Nevertheless , cur-

ren t densities from 1 ma/cm 2 to 30 ma/cm 2 have been measure d from the d i-

ode wi thout foil failure . These current densities are somewhat higher

than con tem plat ed CW of hi gh repetition rate systems . Hi gh er electron

densities and therefore higher sustainer current are available to pump

the system more rapidly. The gas energy content will be scaled properly,

of course, allowing a shorter discharge in the f low d i rect ion and more

two-d imensional i ty in the f low . Further more , the higher current densit ies

of the plasma diode, in cc aarison to the therr ;ionic gun , a l le v ia te muc h

of the problem of dissociative att achm ent caused by low concentration (ppm)

impurities that plague so IT- a ny of the low current devices .

A high energy capaci tor  bank c-;as built for the sustainer.  Sustainer

currents in excess of 400 a;-;p . are possib le for the testing time wi th a

m inima l (10- ) voltage drop . The characteristics of the e-bearn sustainer

system are sho~in in Figure 32. Delay circuits make it possible to inde-

pendently turn on and off both c-bean and sustainer currents . In this way

--- ----. -—-- _ -- _- —a-----— -~~---~ - - .-
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tes ti ng times for the most uniform conditions may be chosen. At th e

highest e-beam current levels , power densit ies in the discharge are

in cess of b O ~ w/ l i ter -amagat.

Early interferograms showed severe heating of the gas near the

e lectrode edges. This is a result of high f ield strength at the edges

of the f inite electrode s and the concentration of current there as cel l

Clearly observed cathode fall heating and the ca thode shock c-a ve may be

seen in Figure 33. It is believed that this infor;-cation can be directly

used to hel p evaluate phenomenon in the flowing case.

Preli mi nary me as u remen ts have also shown some of the effec ts of d is-

charge heating in supers onic f low . Figure 34 shows the effect of cathode

fall resul ting in a thickening of the boundary b ayer and s tanding obl iq ue

wave emanatin g from the leading edg e of the cat hod e .

L
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